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ABSTRACT

The objectives of this research were to optimize the performance
of ITO/polycrystalline silicon solar cells, identify performance
limitations, identify major stability problems which would inhibit
terrestrial application of these devices, evaluate the impact of indium
supply and price on terrestrial applications, and evaluate the economic
viability of ITO sputter depasited solar cells. These goals were
successfully achieved during .the course of this multipronged effort.

Both area .scaling with efficiency maintenance were achieved by

process modifications including surface preparation and in-situ pas-
sivation techniques. Indium tin oxide on Wacker polycrystalline

silicon solar cells were fabricated which achieved 13.7% efficiency

for 11 sq. cm. devices. Typical open circuit voltages were 0,525 volts,
short circuit currents, 34 mA/cm2, and fill factors of 0.75.

In the course of this project, three device measurement techniques
which assisted in improving cell efficiency and which have broad ap-
plicability to all photovoltaic devices were introduced. These were
automated admittance and surface state analysis, noise spectral density
analysis, and automated I-V and C-V analysis. These measurements were
combined with Auger/ESCA, EBIC and flying spot 'scanner, and other
measurement techniques to identify grain boundaries, intragrain defects,
edge leakage, and interface 1losses which were subsequently alleviated
through process improvements.

A study of accelerated aging did not reveal any degradation mechanisms
which would inhibit large scale terrestrial applications of these cells.
However, further study is required to firmly establish long term device
stability. Indium availability is such that production could be increased
many fold from existing mine tailings and the price increased many fold
before a significant impact on solar cell price would be obtained. There
is some economic advantage for the sputter deposited fabrication technology
used here, primarily arising from reduced antireflection coating and
metalization requirements, over p-n junction technology. However, evidence
exists which indicates that sputter deposited ITO/SIS cells could attain
improved performance and stability on highly defected silicon substrates
and on advanced materials. It is concluded from this work that prototype
production of cells and modules based on this technology would be warranted
in the near term.



1. INTRODUCTION

This report describes the research done under SERI subcontract
.#XS-9-8232-1. This project was a systématic investigation of indium
tin oxide'(ITO) on silicon solar cells with a view towards optim{zing their
perférmancevénd‘evéluating efficiency 1oss mechanisms and performance
'11m1tatfon§; The focus was on polycyrstalline silicon substrafes.

Since indium tin oxide based solar cells have demonstrated considefable
promisé.as an alternative to p-n junctions for large scale terrestrial
photovoltaic appiicationﬁ, a secoﬁdary"goal of this research prodram
was to evaluate the stability of these cells, their economic viability
using thé LSA methodology, and the impact of 1ndiﬁh price and supply on
the viability of ITO based solar cells for terrestrial applications.
A During the course of this research program all of the above questions
were successfully addressed in detail. None of the pérformance limitations
- examined appeared fundamental. Indeed, efficienctes of 1TO/silicon devices
fabricated using neutralized ion beam sputtering technology proved com-
petitive with p-n junctions fabricated on comparable material. In the
course of this investigation, efficiency 1imitations on pfesent]y fab-
ritated ' devices were uncovered and processing steps modified to'ﬁvercome
these limitations. The natdre of the ITO/silicon interface was studied
in detail compositionally, structurally, and electronically. It was
found‘that a thin interfaéia] 1ayer'of $i0,, with a small grading layer,
did exist and was critical to the functioning of the device.

Deéradation studies showed that iTO based cells degraded approximaté]y
as p-n junction cells do in thetdark. While no fundamental degfédétion
mechanisms'were discovered for illuminated cells, the question of lifetime
in the field'under 111um1nafion and temperature cycling has ndt yét been
answered. | ” |

- The supply of 1nd1um is Such thét it is a biproduct of zinc and
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copper refining‘and, for the amount of indium réquired'for~
i.]arge.scale terrestrial applications, -supply nor'priceidid not prove
a limitation .under a wide range of possible‘scenarios 'indeed theuu}i
supply of 1nd1um can be increased by over an order of magnitude without
mining additional ores. :Also, an analysis. of the economic viability
of sputter deposited ITO/51iicon solar cells indicates that, assuming ‘
DOE LSA goals are met for materials and substrates they will be com-
petitive with p-n junction cells using techno]ogy present]y envisioned

The following report is divided into. sections anaiyzing substrate
quality, device fabrication analysis ‘of the ITO/siiicon interface, device
performance, device ana]ysis, device stabi]ity studies, and process economics.
The resuits of eachhof these'subfinvestigationsrprovided insight‘into the =
modifications required for the fabrication process-uhich ultimately
led to the high effic1enc1es reported . L |

The first section summarizes a study of the 1ocalized response of the

. soiar cells Flying spot scanner and EBIC study of the substrates
.,ndicated that the two techniques~gave essentially 1dent1ca] 1nformat10n,
with different features highlighted in each techniqué.' A'key‘conclusion
) derived‘from this study was that a grain boundarygreduces.the output |

of a solar cell only in a smaiilregion«surrounding the‘boundary. This
proved consistant with a double dep]etion‘]ayer'modeliof'a‘grain.boundary

1

proposed by recent authors, It aiso_indicated that intragrain‘
properties, as exempiified by etch pits and dislocations intersecting

the interface, occupied more geometric area in medium to Targe grain size
material than did grain bOundaries Therfore passivation of surface |
defects would be just as 51gnif1cant in 1mprov1ng Junction qua]ity as
grain boundary pa551vation. These results guided us in our ch01ce of

surface preparation and hydrogen annealing techniques ' R



The fabrication sequence attempted to 1ntegrate the results of
substrate and finished device measurements, along with interfacial
analyses- der1ved from cells and spec1a]1y fabricated devices.
0pt1m1zat1on of the. process 1nvo]ved a careful study of- sources of
contam1nat1on within the system and proper substrate preparat1on along
with the use of reactive gas annea11ng dur1ng subs;rate milling. Using
ﬁhese modifications, aiong'with'mu1ti1ayer méta]izations;“17.6 sq. cm
active area devices were fabricated with typical open circuit voltages
of .525 V, short circuit currents of 32.5 mA/cmé and fi11 factors |
of .77. Devices were routinely fabricated with active area efficiencies
of 12.5 to 13.7%. Metalization proved more complicated than originally
envisioned. Conventional meta]izations had series resistance, adherence,
and heat cycling problems. Finally, appropriate frontfand back surface
metalization were achieved and, -near the'conc1usioo‘of the'contract
period, grid pattern and area optfmizations were beiug Qeveloped.

A detailed study of the IT0/S10,, interface established that iron,
aluminium, or tantalum impurities severely degraded device performance.
The existance of an SiO2 layer was clearly estab]ished. Also, fhe structure
of that layer, which consisted of a thin transitional region ( 4‘or’5 angstroms)
followed by a layer a1most entirely S1'02 was estab]fshed; Silicon monoxide

was not detected in the interface. The oxygen depth profile detected the

existence of a transition layer. The kinetics of oxidation at reduced
pressure and on sputtered surfaces was investigated, end'ft was found
that the sputtered surface does indeed oxidize more readily than o
chemica]]y etched surface. The rete of oxidation was measured as a
function of oxygen exposure, and the results used to guide the growth

of the interfacial oxide reg1on in our fabrication.
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The next chapter describes the development of three novel techniques
for evaluating solar celi performance which supplemented conventional
electrical and optical sutdies of the device. These techniques were':
automated solar cell ana]ysis; an automated admittance analysis; and measure-
ment of noise spectral density versus temperature. The automated analysis
| system digitally recorded the I-V and C-V curve and extracted the primary
solar cell performance characteristics along with barrier heights and
saturation current densities. The capac1tance vo]tage analysis also

extracts barrler heights and doping profile around the Junction.

The network analysis system provides a measurement of the capaci-

tance and conductance as a function of bias, frequency, and tempereture.
From these measurements, plots of surface state density_yersus energy
may be obtained. These in turn, are used to eveluate the effect of -
processing var1at1ons on interfacial propert1es at the ITO silicon
1nterface The speed and accuracy of the system perm1tted it to be

used as an integral ‘part of the fabrication and ana1y51s process
Previously used techniques were so slow as to prec]ude measurement of
any significant number of devcies. The temperatqre depenqent noise
spectral density test proved'e useful reliability estimator for p-n
junction devices in a previous investigatton in the Principal Investigator's
laboratory. This test was applied to various solar cells. While temp-
erature dependent noise spectral density does not corre]ate with device
efficiency, it did correlate with irregularities in the reverse current
voltage curve and with variable failure rates under accelerated thermal .
aging. while promising, the test still required statistical va11dati0n.

The next chapter describes the results obtained from the solar cell . . =



-6-

fabrication phase of the program and outlines the alterations and

improvements .in cell performance.as:.a result of various process changes

, and improvements. During this contract period, cell performance..im-

* proved substantially, particularly on polycrystalline substretes.» De-

" fect passivation with hydrogen and.improved fabrication procedures
reduced the edge leakage problem seen. in earlier devices. Scaling to
large areas, with atﬁendent decreaéed.peripherey—tc—area racics, further
reduced edge effects. Llarge areahdevices showed virtua]]y no evidence
of these cffects, which had p1agued the earlier, sma11er area devices.
Surface preparation and hydrogen annea]ing techniques s1gn1f1cant1y im-
proved the performance of the cells on po]ycrysta111ne s111con Since
ITO has different surface morphological properties ‘than diffused silicon
layers, obtaining optimized grid patterns and_adherent_grids tnok some
effort. By the end of our research program, progress was being made in
grid optimization, but the grids still occupied 15 to 20% of the cell
area. However, despite the faci.that ITQ forms an antireflection coating
on silicon, jt is e;timated that another antireflection coating layer
would improve efficiency by a further,10%. Also, the pefection of
salder dipping technology and the development vf optimized grids with
bounding pads which facilitete device-to-device interconnections would
move the technology even closer to commercialization.

A critical question that needed to be answered was whether th IT0O/
SIS cel]s degraded similiarly to tin oxide/silicon solar cells. Our
study of thermal]y accelerated ag1ng indicated that the shelf 1ife
in the dark would be quite long and that there did not seem to be any
significant reliability problems arising from thermal aging in the dark.
Preliminary meesurenents on life evaluation under illumination did not

reveal any major degradation mechanisms, but were inconclusive as to whether

there were any open circuit voltage reductions simi]ar to, but smaller
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than, those observed in tin oxide cells. 'wh11e Tong term stability
has not been conc]usively estab]ished rapid degradation and major
1nstab111t1es either in the dark or under. 111um1nation ‘have not been

observed. e1ther

" The final chapter discusses the e;ohomiés of ITO/SIS cell
fabrication in the context of MIS and Conductor~Insulator-Semi-
conductor (CIS) cell structures based -upon polycrystalline and ‘
amorphous silicon. It is found that performante on polycrystalline,
amorphbus,’ahd highly defécted structures will be more of a factor
in detérmﬁning the utility of SIS strucfures for terrestrial -
app1ications'than will fabrication economics and indium supply.
Economically, the ITO/SIS structure, evén uéihg vacuum fabricatibn,.
appears competitive with and'51ight1y less expensive than p-n junction
structures. Indium is available in enough supply to prov1de the raw
material for the sma11 amount of ITO required.

The major conclusions derived from this work are enumerated in the
final section. A list of pub]iéations that briginated ffom'this program

and studenfs'who worked -on this project conclude the repdrt;‘
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2.1.

ROLYCRSTALLINE SILICON CHARACTERIZATION .

The quality of the bulk po]}cnystal]ine material plays an important
part.in the efficiency of solar cells. This quality can be measured in
many ways, many of which yield information which averages the results
over the entire cell. We have chosen to investigate the local response
of the solar cells and relate these measurements to the properties of

the substrate.

EBIC and SLS Techniques

For this research, the electron beam induced current (EBIC) and

scanning light spot (SIS) techniques were employed. EBIC utilizes a scanning

electron beam while the SLS scans a lfght.spot.' Both of these tech-
niques have their advanfages and disadvantages. EBIC yields a response
which is approximately the same as the photoresponse since the minority
carriers are generated near the cell surfacé for both techniques. This
is demonstrated in Fig.2,1which illustrates the EBIC and scanning light
spot (SLS) (using 63283) response maps for the same ITO/Monsanto cell.
Note that the major features are the same in both but that the resolu-
tions and detail of the EBIC map is much greater. The SLS resolution

cén be improved to that of the EBIC but the field of view is greatly
reduced. In order to use the EBIC and SLS techniques requires a junc-
tion to collect the generated minority carriers. A junction was obtained
by depositing a 3000A layer of the transparent conductor indium tin oxide.
For EBIC a thick metal, such as Al can be used but the SLS requires a
material transparent to light. Figure 2,2illustrates other modes of dis-
playing the SLS response maps. The intensity modulated mode of Fighjbgl,

allows easy location of surface features with some quantitative information.



Figure 2.1.: Comparison of a) EBIC and b) SLS response, *25X
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Figure 2.2: SLS maps of polysilicon solar cells a) capacitance coupling,
z modulating; b) Y modulation with a very low frequency ramp
voltage for the vertical mirror drive.
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The map of Fig.2.2autilizes capacitive coupling which differentiates the
signal and hence fntensifies the Tocal changes in response. The y modu-
lated mode map shown in Fig.22b yields the best quantitative measure.
Similar types of displays are available with EBIC.

The resolution of SL§ is determined primarily by the size of the
light spot. The resolution and depth of beam penetration of EBIC are
determined by the energy of the beam and the density of the material.
This is usually discussed in terms of the electron range or the inter-
action volume. Fig. 2.3 plots the electron range vs. beam energy for a
silicon substrate. Note that at 30 keV, R=8 um and at 5 keV R=0.3 um.
Thus the lower the energy, the greater the spacial resolution and it
would appear that lower beam energy is the more desirable. However,
there are two other effects to be considered. First, the EBIC signal
decreases drastically with beam voltage. Therefore the signal to noise
ratio becomes poor below 15 keV. Second, the depth of sampling changes
with beam energy. This has both good and bad features. Fig. 2.4shows
grain boundaries observed with beam energies from 15 to 30 keV. Note
that the width of the grain boundary appears to increase greatly as the
beam energy is increased. Also in Fig.2.4 note the gray grain boundary
marked A and the single EBIC trace. Grain boundary A has a smaller dip
in the EBIC signal and therefore gray. This is explained in terms of
the location of the grain boundary with respect to the substrate surface.
Fig. 2.5 shows both an EBIC and secondary electron (SE) mode photomicro-
graphs of the area shown in Fig.2.4. In the SE photo, the "dark" grain
boundary is clearly seen. However, the gray grain boundary is not ob-

served. Fig. 2.6.shows a SE photo of the same area after etching away
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Figure 2,4 ,EBIC micrographs using different primary beam energies, 300X.



EBIC Mode Secondary Mode
15 KeV, 300X 15 KeV, 300X

Figure2.5 Comparison of EBIC responsé and surface topography. Note the
absence of a surface feature corresponding to the gray grain.

Secondary Mode
15 KeV, 300X

Figure 2.6. Surface topograph of the cell area of Fig. 4 after etching
the silicon surface 1.7 um.
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. 1.7 uwm of the surface. Note that the gray grain boundary is now
visible, indicating that the grain boundary starts below the surface.

This is illustrated more dramatically in Fig. 2.7. (a-e).

B. Grain Boundaries

Much of the previous research on polycrystalline materials assumed
that the intragrain region is of reasonable quality. In this sec-
tion we show that this assumption is not always justified. In this
section we use the EBIC technique and calculations to show that grain
boundaries do not reduce the current significantly beyond a few microns
from the grain boundary. Fig:.- 2.8-2.10.i1lustrate this expeﬁfhental]y.

An EBIC map of a part of a Monsanto polysilicon solar ce]? is
illustrated in Fig2.8. The dark region in the left hand corner is due
.to the shadow of the electrode contact. The high magnification EBIC map
of the "V" shape region from the center of the map is given in Fig. 2,10
which indicates that the region outside the "V" has no noticeable grain
boundaries although a few small defects are present. It is also obvious
that there are no significant defects inside the "V". The EBIC response
from the indicated scans 1 through 6 is given in Fig.2.10 which shows
the electron beam position vs. cufrent response along the lines of
Fig.2.9. It is seen that the response near a grain boundary is réduced
for only a short distance. However, when grain boundaries are close to
each other the response between them is greatly reduced. Later it is
shown that grain size may not be the dominant mechanism which reduces
the overall photoresponse of a cell if the grain size is larger than
10 um. However, regions containing a high density of grain boundaries

and other defects showed a reduced response.



Fig. 2.7a EBIC micrograph (25 KeV, 165X) of a polysilicon solar cell.
The grain boundaries appear to be dark or gray lines.
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Fig. 2.7b The secondary mode micrographs of the same region of Fig. 4-1
obtained after the etching for (a) 15 sec, (b) 45 sec, (c) 90
sec, and (d) 150 sec.
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Fig. 278. "V-shape" grain boundary intersection is seen in the middle
of the EBIC map.

Fig.2.9. The high magnification EBIC map of the "V-shape",
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1Opm

Fig. 2.10. The line scan EBIC response corresponding to the indicated
scans 1 through 6 on Fig. 4-5. ,
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Fig.2.11. The grain model used to calculate the current response
around grain boundaries.
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In ofder to better interpret these EBIC results, a theoretical
calculation was performed. For simplicity, the carrier generation due
to the electron beam in the bulk is assumed to be that of a uniform
monochromatic 1ight illumination. Though this assumption may produce
a quantitative difference, the analysis should be accurate enough to
explain the qualitative behavior of the grain boundaries. The grain
configuration of the model considered here is shown in Fig.2.11. The

continuity equation for electrons in the grain is of the form:

5 n-ng
DnV ne- Tn L GL(xsysz)
where
n = minority carrier concentration (electron for the case of
ITO/p-S1)
N = equilibrium minority carrier concentration

-
n

lifetime of minority carrier in the equivalent single crystal
material

O
1}

diffusion coefficient

GL(x,y,z) = generation rate

By using the appropriate boundary conditions ana generating funclion,
a numeral solution is obtained. The results for a 10u and 30u grain size
and a diffusion length of 35y are shown in Fig.2,12, These calculations
show that for a diffusion length of 35u, the photoresponse is =90% of
its maximum at 10u from the grain boundary. Thus, most of the generated
carriers are collected by the surface junction before they can diffuse
to the grain boundary. At a given point, for planar boundary, one-half
the carriers are moving towards the grain, and one-half are moving away

from it. Of the one-half moving towards the boundary, the transport

equation solution indicates that the majority of them reach the function

due to geometric generation depth profiles and velocity profiles.
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Fig. .2,12: Theoretical curves for current density vs. distance for two
grain boundary separations. (a) 10 um, (b) 80 um.
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C. Intragrain Affects

The intragrain quality of Monsanto float zone refined and Wacker
cast polysilicon materials were examined with EBIC.

Fig. 2.13.,illustrates the EBIC response from a portion of a cell
made with a Monsanto polycrystalline substrate. The grain boundaries
are clearly seen as dark Tines which indicate Tow response. The grain
size appears small in some regions but large in others. In addition to
fhe grain boundaries, the EBIC map shows small dark spots whose density
varies acronss the cell. In some large grain regions, the dark spots are
dense and these appear to dominate the local photoresponse. Two regions
of the cell of Fig 2.13were examined more closely as shown in the higher
magnification EBIC maps of Fig.2.14. Few grain boundaries are seen in
these EBIC maps but there is a high density of dark spots. Region B has
a much higher density of dark spots than does Region A.

Etching away the ITO and then etching the silicon surface with a
Dash etch for 30 min. reveals many trianqular etch pits as shown in
Fig. 2.15. The triangular etch pits indicate the presence of edge dis-
locations which intersect a <111> surface at near normal incidence.
X-ray diffraction studies indicate that the crystallites are indeed
oriented <111>, Fig. 2.16, Using a transparent overlay, it was deter-
mined that there is a one-to-one correspondence between the EBIC dark
spots of Fig2.14.and the etch pits of Fig.2.15 thus indicating that
dark spots of the EBIC map are caused by recombination at active dis-
locations in the intragrain regions of the Monsanto polysilicon.

A similar study was carried out on Wacker polysilicon cells as
i1lustrated by the EBIC map of Fig.2.17, It is observed that the grain

size is much larger than that of Monsanto polysilicon. The magnified EBIC
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Fig. 2.13. The EBIC map of a cell made from a Monsanto polysilicon
substrate. Two regions (A,B) were selected for etch pits
studies.
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4+ (a) Region A

¥ (b) Region B

Fig. 2.14. The high magnification EBIC map (690X) of the (a) region A
and (b) region B.
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+ (a) Region A

¥ (b) Region B

Fig. 2.15. The SE mode micrographs of the (a) region A and (b) region B
"~ taken after etching the surface.
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Figure 2.16.: X-ray diffraction patterns for (a) Monsanto and
(b) Wacker polysilicon.
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Fig.2.17. The EBIC map of a cell made from a Wacker polysilicon
substrate. Two regions (A,B) were selected for etch pits
studies.
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map of region A (Fig.2.78)shows that, in contrast to the Monsanto poly-
silicon, very few dark dots appear in the map of the Wacker cell. Etch-
ing the surface with Dash etch causes the appearance of many defect etch
pits of irregular shape (Fig.2.19)but there is very little correspondence
between the EBIC spots and the etch pit locations. In fact, there are
many more etch pits than EBIC spots. The irregular shape of the etch
pits on the Wacker materials is in keeping with the random orientation

of the crystallite surface, as shuwn by the x-ray diffraction pattern of
Fig.2.16b The dislocation lines therefore intersect the surface at odd
angles. As seen in Monsanto polysilicon, a dislocation which is an
active recombination center and which intersects the surface at normal
incidences yields a dark spot on the EBIC map. There is some question
whether similar results are obtained for dislocations which intersect at
an odd angle. In order to determine if the lack of EBIC spots in the
Wacker polysilicon is due to the odd angle intersection of the disloca-
tion, two etch pits, p and q of Fig.”.18 were investigated. High mag-
nification micrographs of these two etch pits Fiq 2.20 shows that etchpit g
intersects the surface at normal incidence while p is inclined 3U to 50°.
In the EBIC map of Fig. 2.18, an etch pit p, although an inclined disloca-
tion, appears to be a dark spot but the pit g has no corresponding dark
spot. Thus, active odd angle dislocation can be observed with EBIC and
the lack of EBIC spots can not be attributed to the angle of intersection.
These results lead to the conclusion that most of the dislocations in the
Wacker polysilicon are passivated. Note also that some grain boundaries
that do not appear in the EBIC map, appear in the secondary mode micro-
graphs after etching. This implies that some of the grain boundaries

are also passivated or lie sufficiently below the surface so as not to

be detected by EBIC.



Fig. 2.19. The surface of figure 17 after etching.
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(a) Inclined dislocation

(b) Normal dislocation

Fig. 2.20 Etch pits terminating (a) inclined dislocation, P, and
(b) normal dislocation, q.
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To quantify the effects of the defects, the local current response
and diffusion length were measured in several regions of a Monsanto poly-
silicon cell with a focused 1ight spot. Two wavelengths of-]fght (7000
and 80005) were used to measure the diffusion length. The concentration
of dislocations in each of the regions was estimated by counting the
dark spots of an EBIC map of the regions. The results of these measure-
ments are given in Fig.2,21which plots the local diffusion length as a
function of the average distance between dislocations, i.e. (concentra-
tion of defects)'%. There are a number of factors which add to the un-
certainty ofethe measurements for Fig.2.21. These are the uncertainty
in the local adsorption coefficient of the polysilicon and uncertainty
in correlating the position of the EBIC‘and local diffusion measurements.

‘Thus, the values of the diffusion length shown in the Figure should be

taken as relative values and not abso]ute There 15, however, sur-

prisingly little scatter 1n the data wh1ch wou]d 1nd1cate that the
measurements are reasonab]e and that there 1s a corre]atlon between de-

fect dens1ty and d1ffus1on 1ength As the defect denS1ty 1s reduced the
diffusion 1ength becomes dom1nated by 1mpur1t1es and generat1on—recomb1nat1on

centers etc., and hence the curve shown in Fig 2. 21w1]1 begln to flatten out.
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FABRICATION OF ITO/Si SOLAR CELLS

The fabrication of IT0O/Si SIS photovoltaic devices utilizing
neutralized ion beam sputter deposition technology has yielded reproducible
high efficiency large area solar cells on both sing1e-andrpolycrysta11iné
substrates. This chapter’is concerned With the fabrication of the devices.

3.1. FABRICATION SYSTEM -

The vacuum system used in the fabrication process was a modified

NRC 3117. The schematic diagram of the system is shown in Figure 3.1.
The vacuum is achieved by means of a six inch diameter, three-stage,
liquid nitrogen trapped oil diffusion pump. The pump has a pumping
capacity of 2000 2/s and can achieve é vacuum of 1 x ’IO'7 Torr in the
chamber. _ | "

The high purity gases (argon, hydrogen and oxygen) needed in'fabrication
processes are introduced directly into the ion source. The gases were-.
contro11ed by Brooks 5810 leak valves which allow repeatable setting of
flow rates; The gas flow rate was monitored by Brooks model 5810;41 CZDYA
thermal mass fiow sensors with their analog outputs fed into Brooks model
5820-1-YA meters calibrated in 0-5 sccm. This permits reproducible fiow
rates accurate to within + .05 sccm. ‘

The ion source used in the fabrication process was a model 10-1000-200
manufactured by Ion Tech, of Ft. Collins, CO. A schematic diagfam of the
ion squkce is shown in'Figure 3.2. The gases are introduced %nto the. ion
source behind the anode pole piece assembiy. Both the anode and cathode
assemblies are electrically isolated from the source body. - Electrons
fhermionica]]y emitted from tﬁe tantalum cathode experience increased path
length due to the magnetic field, produged. by. the anode assembly. . This
increased path lenéth increases the probability of the electron striking
an atom to producé an ion; The ion source 1s'capab1e of generating ions

with energies froh 50 to 1500 éV. Depending'on the mode of operation, the
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beam dens1ty can- atta1n values in excess of 2,5 mA/cm , with a d1vergence
half ang]e of 1ess than 7°

The operation of an ion source can lead to the generation'of'a‘space
charge region in the path of the beam. The creation of such a region can
influence the density, profile and divergence of the ion beam, The field
due to the space charge region can become sufficiently intense as to cause
the ions to be repelled back toward the source. This could result in term-
ination of the ion}beam. ‘To prevent this process, a neutralizing wire is
placed across the accelerator grid structure. When a‘current is passed
through the neutralizer; electrons are released by thermonic emission. The
current ean~be‘contrblled to effect a net volume neutralization of the beam,
even though eleefron—ion recomblnation may not take place.

A major disadvantage of the use of neutralizer wire is that material
from the wire is milled off by the ion beam. This material‘contaminates
both sputtering target andvsubstrates., Tanfa]dm from the neutralizer wire
has been detected in'the’so1ar cells usiﬁg Auger/ESCA profiling techniques.
For this reason ‘a p]asma bridgc netural izer has been constructed. This

system of nequa11zat|un 1njects a beam -of electrons 1nto the ion beam by
imeans of - argon prope]]ant and e]ectrostat1c acce]erat1on. In this manner
reduced contam1nat1on ‘and more comp]ete neutra11zat1on are ach1eved
Better neutra11zat1on resylts in lower beam d1vetgenue and turther reduced
contam1nat1on by reduc1ng sputter1nq of the fixturing.

The substrate heater was compr1sed of a commerc1a11y ava11ab1e heat1ng
element bonded to a sta1n1ess stee] plate wh1ch was milled to accomodate
the silicon substrate The,heater ma1nta1ns less than a 2°C gradient across
the silicon wafer at 400°C. The stainless steel plate is protected from ‘
the m{11ﬁng pfecess»by a carbon mask. Carbon was chosen because of -its ‘low

milling rate and its low coefficient of thermal expansion. The mask

is used to define the. cell areas on the substrate.
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The sputtering target was‘cqmppsed_of 90% indium pxide §ndf10% tin
oxide, this is the optimﬁm ratio of the oxides for qdﬁdhétfthY/transparency
tradeoffs. [1].

Tné ITO target utilized in the system was pressed commerically by
-Metals Mart, Great Neck, New York. The target maferia] was hot
' pressed and sintered, yielding a structurally sound e]ectriqa]]y conducting,
dense disc.. It may be worth noting that the target is nominally 99% pufe,‘
and that efficent cells do not requiré stringent purity in the target.
The target materia] was a nominal thickness of 3/8 inch and a diameter of
8 inches. This ITO disc was indium soldered to a chrome plated watef cooled
copper backing plate.

The mechanical stability offered by this target allowed for complete
control of the target angle. This permitted placement of the substrate
heater in the central lobe of the spdtter beam. To this date the sintered
" target has sdrviVed 775 runs with no visible degradatfon.

3.2. FABRICATION SEQUENCE OF ITO/Si SIS CELLSA

' _The‘fabricétion:bf ITO/silicon solar cells‘is:p$$f¢§11& a“five step
process. First, a substrate is seTectedland p1acégfgﬁ £ﬁnggater surface,
‘and a carbon mask is selected, depending on fhe'ﬁqmﬁékfaﬁéfgige of the
cells desired, and is p1a§ed over the wafer, 'Thé,gygfgﬁ_};5¢§acuated and
the substrate heater 1s'activated. During}the tiﬁélkéqu}£ed"fof the sub-
strate heater to reach the desired temperatuhe;A5&50n§fﬁyd}bgen and oxygen
_ flow rates are adjusted and allowed to stabjlize.:-,f iH ' |
The argon, hydrogen, and oxygen gases were adjusted to aihértia1 pressure

5, 2 x 10'5, and 2 x 107° Torr resbective1y;ff6r a total System

pressure of 9 x 'lO'5 Torr. Secondly, the ion beam source was adjusted to a

2

“of 4 x 10°
beam energy of 800 eV, current density of 2 mA/cm”, and allowed to mill
the silicon substrate for approximately five minutes. Studies have shown that

" jon milled silicon oxidizes much more rapidly than a chemically etched surface,
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thus facilitating the needed oxide growth Third after the required milling
time, a shutter was rotated between the ion source and substrate heater to
allow the interfacial,oxide to .form. The substrate heater was rotated into |
deposition position and, after the okide growth:time, the shutter was
removed and the ion beam allowed to impinge onAthe sputtering target,
thus sputtering ITO onto the thermally grown oxide. It has been shown
that the ITO layer forms an antireflection coating on silicon with a
thickness of 750 & [2]. At this thickness, ITO forms a 1/4 wavelength
coating for the peak in the visible spectrum of 6000 f wavelength

When the ITO f1im has reached the deslred thickness of 750 A, the
sputtering process is stopped and the ITO/silicon solar cells removed from
the system. | - . |

To complete the fabrication process, a front grid contact is evaporated
through a shadow mask. ‘Considerable effort was expended in obtaining reliable
front contact grids to ITO/Si SIS solar cells. Experimental results show
that silver forms an excellent ohmic contact to the ITO, but exhibit poor
adhesion to the\ITO.‘ Due to high current associated with large area devices

2 devices), the front contact must exhibit low series

2

(~ 315 mA for 11.46 cm
-resistance. Measurement of a typical 11.46 cm device shos as much as 187 mV
drop across the main bus bar for a 3.5 um silver grid, at.the maximum power
point, which yields poor fill factor (FF < 0.60). Attempts to solve this
" problem by increasing the grid thickness did not prove satisfactory due to
adhesfion problems possibly caused by differential thermal expansion problems.
One possible solution was to develop multilayer metallization consisting -
of a "bondihg" layer, a low resistivity layer and protecting third layer,
suitable for solder coating The following metallization system have been

attempted with ranging results as shown in Table 3. l
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oo st fener ~__2ud Layer _3rd Layer Adhesion Solderability  Remark
Matorial Ilickness *° Mat Thick  Mat  Thick ' '
Ti 100 R A2 10um nong Excel. .. = =—-=-- a
TL 50 R . Ag Sum ‘none Fair . Poor b .
T4 100 R Ag Sym.  wone . .  Fair Poor - . . -b..
Ti 250 8‘ Ag 5i1m | none ‘ Excel. Good ' ] c
Ti JSOAR Ag L0y none Excel. Good c
Ti a0 R Ag Sym Ni . 200 R Excel. Good ‘ d
1i. 2a0 R Ar 100m  Ni 400 R Excel. Excel. e
Cr 400 X Ag Linn none Excel. Good £
Cr wnn ] v Az 10ym none Poor Poor f
Gr 250" % S A 1.0yn o 'Cood Good f
Cr 100 R Ag 10 ym none Good Good f
Cr 100 R Ag 10um Ni 400 R CGood - Good ' £
Cr 100 R ‘NP 400 R none . .Excels - Excel. Loy
a Til&nl“ﬁ.; A]nminum'éhows excellent adhesion to ITO, but due to thickness
of Aluninum, grids showed stress in film as indicated by distortion at
shdow mask. Process should prove excellent if used with a photolithography
process as opogsed to evaporation thru a shadow mask.
b Adbe sion was not good after attempts to solder dip the contact. This was
probably due to insufficient Ti thickness. :
' ¢ Adhesiion  was excellent, ‘but noticed some problems with solderabhility - .
of Lwme 1ines. (i.e. incomplete coldaring of lines.)
d Adbesion of all layer seemed to be excelleﬁt, but solderabilitLy of fine
lires was not uniform. -
¢ Adiersion of layer was exeelblent, also displayed excellent solderablility.
f Sheeod problems at Cr - Ag interface, silver sometimes peeled off.
g Shows excellent properties, cxcellent adherence, excellent soldervability.
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As seen from Table 3.1, there are three systems that show good .
potential for ohmic contacts to ITO. The first is titanium-dluminum.
This process demonstrates excellent adhes1on and Tow resist1v1ty grids,
as ev1dence by FF greater than 0.75 w1th this system :However, due to '
. the thickness of the A%, it does not seem compatible with evaporation
through this shadow mask. . .

The second system titanium- silver- nickel also proved ta hayet.
excellent adh951on propcrties and solderability; However;”this system
is less desirable due to the need for three. evaporations'resulting in
a longer fabrication t1me and also due to the high cost of silver.,slhe:f
third system, chromium-mickel seems the most de51rable of atl systems “
‘ 1nvestigated to this date. Both materials are relatively inexpensive
. and require the least amount of time wlthin the vacuum system

3.3. FABRICATION OF MoO,/SINGLE CRYSTAL SILICON SOLAR CtLLS o

As an alternative to indium tin oxide (ITO), we have 1nvestigated '
Moo3_as the top contact for SIS solar cells,. The starting substrate was
p-type single crystal silicon with resistiyities of 0 1, 1.0, and 10 ncm '
The 51licon material was processed by standard industrial techniques., '
The wafers were oxidized and metallized by the Hewlett Packard Inc. of
Loveland, Colorado Approximately 1 um of .an aluminum copper silicon -
eutectic was deposited onto the back side for ohmic contact In order ‘
“to fac1l1tate the 1solation of many small diodes on a 51ngle wafer, there
was 1000 R of thermally grown silicon diox1de on the front side The{;;r-‘
oxide layer was used merely to delineate the many diodes on a wafer and
is not an essential fabrication feature,‘ - | :

The sputtering target used was prepared by applying a paste of M003
to the front side of a water cooled stainless steel backing plate, fA;‘

subsequent backout of 90° C for 30 hours was used to prepare the target i
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for vacuum conditions. An argon ion beam source was used to.sputter the
MoO3 film. This technique is similar to that we.have used in the fabrica-
tion of efficient ITO/single ahd po]yérystai]ine silicon solar cé]]s

The ion beam was used to sputter c]ean both the MoO3 target and the
exposed silicon surface through a carbon mask prior to dep051t10n
Carbon.was used to mask the wafer because of its Tow coeff1c1ent of thermal
expansion and its low sputtef rate.v The MoO3 was”reactively sputttered“

-6

onto the clean silicon surface in oxygen partial pressures of 5 x 10~ Torr

and 2 x 10'5 Torr. The oxygen introduced into the system helps form the
oxide interfacial layer as well as effecting the reactive sputtering process.
The primary afgon jon energy was 1000 eV.and the Moo3 has an impingement

energy of ~ 30 eV. The wafers were maintained at a tempefature of 376°C
during deposition. The deposition required 26 minutes to obtain the'desired
thickness of ~ 3000 8. These conditions ‘indicate a sputter deposition rate
of about 120 a/miﬁute. Contact was madé to the MoO3 sufface by use of a
mercury tipped gold prdbe; The cell diameters were 1/8 inch.

| A glass slide monitor was included in each run and this slide was used

to obtain film transmittivity and film resistivity information. These data

are given below:
6

Oxygen Partial Preﬁsuré 4 "2 X ]0'5 Torr 5 x 10 "Torr
Film Thickness - 3400 R . 3150 8
fi]m Transmittivity B 76 percent ~ '64 percent
Film Resistivity - 160 acm 63 qcm
Index of Refraction | 2,06 2.68
Deposition Rate o 110 &/min. 120 &/min.

~ The integrated white Tight film transmission was measured with a NASA
calibrated solar cell at AM] i1lumination. The index of refraction and
film thickness were measured with an ellipsometer, The above résults shows

- dependence on oxygen .partial pressure of the measured film properties.
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The devices fabricated with partial pressure of 2 x 10'5 Torr of oxygen,
resulted in linear resistors‘correSponding to a resistance of = 160kq.

-6

The devices fabricated with parttal pressure of b X 107" Torr of oxygen,

exh1b1ted photodiode behavior
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4. PERFORMANCE OF 1TO/S1 SIS SOLAR CELLS:

Intthis‘section the‘pgrformance of'LTO/SI SIS (single and.poly)
solar ééIls evaluated by current-&bitage (va),_capacitance-voltage
(C-V) and éonddctance-vo]tage (G-V) characteristics are deécr1bed.
In addition, the photovoltaic characteristics of'Mooz/s1ngIe crystal
Si solar §e11s are also discussed:

4.1. Effect of interfacial layer on device performance:

The thickness, composition and electronic properties of the inter-
facial 1ayerf§fé ¢ritical determinants of the device conversion efficiency.
The existance of the interfacial layer ($102) was detected by Auger
analysis [1]. The properties of the 1n£erfac1a1 layers depend critica]jy
on the éystem temperature and okygen parfia] pressure during the growth.
6f the 1ayer; | | |

Cell performance is highly dependent'oﬁ déposition parameters used
in a fabricatioh‘sequence. Through systématic depositions we have ob-
served fuhctiona] dependence of'various ée11 characterisfics on Sub-.
str;te temperature, 0, partial pressure_jh the ambieﬁt, and inter-
facfal oxide growth times.A Ihese cell characteristics include open
circﬁit voltage, short circuit current, fi|1 factor and efficiency. We.
have observed that the fi1l factor is thé parameter most affected by small
changes in oxide-thickness, induced by variation in oxygen partial '

pressure, substrate temperature, temperature gradients across the wafer,

and film uniformity. - The data obtianed from previous experiments
have_indicated that an optimum substrate temperature range exists for
odr sysiém, viftuaIly independent of other parameters. This temperature
is in-phe Eange_373 +10°C. The optimized value for oxyéen pressure is’

1-3x.107,
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One potential problem with in-situ oxide growth employed in the
present study is that of "pinhole" formation. Dry oxides seem to have
a higher pinhole density than oxides grown in moist ambients (Huibrigtse,
private communication), The§e pinholes have not appeared on thé flying
spot scanner results, but they may have a net 1ntegfafed effé;t upon the
6vera11 cell performance. fn the case of §i0,, which is not a "nucleation”
éype of film, pinho1és may represent oxide sections less than 10 8 thick.

4.2. Current Conduction Mechanism in ITO/Sing1e crystals Si Solar Cells:

The effect of temperature on the dark I-V characteristic§1s~a sensi= -
tive probe whereby the current cdnductioﬁ mechanism of a solai cell may
be understood. Fig. 4.7. shows the‘calcuTated dark I-v charaéteristics
as a function of temperature for an“ITO-S102-(p-Si) Si diode [3]. The
temperature was. varied from 200° k-400°K. The depletion layer lffetime
was taken to be one order of magnitude‘1ess than the bulk. semiconductor
{ifetime. The calculated curve shows two distinct regibn§ of slope 1
and 2 in the voltage range of interest for solar cells. At lower temp-
eratures, the recombination-generation current in the depletion region
dominates, while at the higher temperaturés the diffusion current dominates.
| The experimentally obsgrve dark I-V characteristics as a function
bf temperature for a typicai ITO-p-Si diode (12-G) are shown in Fig.‘4.2.
A careful inspection of this data shows that-the dark I-V consists of
two regions, one with slope n; = 1.3 and the other with slope n, = 2.0,
tThe following parameters were heasured for this device under AM1 (100 mW/cmz)

i1lumination: L : .

VOC = 0.52 V
ISC'= 3.6 mA
A = 0.2-cm2
FF =0.78

n = 7.3%
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tion of temperature.
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lhe series resistance of this device was measured by following

the method of reference 17.

oc

1$C‘

where. V' is the voltage from the‘dark [-V at the point where I

Figure 4.2 were curve fitted by using the foﬁowi;pg equations:

~ vV - IR ¢ v - IRS .)- 1
s = Iy (explgyr
Rsh . »
v - IR v
' I AU | (4.1)
+ IOZ [eXp(nZKT ) ]
where , - a2
; ~ jtfusion)ld.c.
g, = T exp(ﬂ%) \di
and
IOZ « 72/2 exp(%ggf) (re;omblnation) 4.3,

I

St
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The reverse saturat1on current g1ven by equat1on 4.2. is the
diffusion current and equation 4.3. represents the recomb1nation—
generation current in the depletion layer. The values of ny = 1.3,
n, =2, R =5aand R, =5x 10’ g were usee to fit the experimental

curve. It is observed that a fairly reasonable fit is obtained, as
shown in Fig. 4.5. '

| We have calculated Fig. 4 i..by taking ¢osi:= 3.3 eV,
based on the best information available from the literature. If we
generate another set of curves with a higher value of 057 maJor1ty
carriers will provide add1t1ona1 current, and shift the characteristics
closer to the experimehta] ones. Such an exercise, alony with other.
parameter variations would facilitate an exact fit"bqt-wou1d not" impact
the case fdr the SIS mndel. '

4.3. Optimum Thickness of Indium Tin Oxide

We have studied the short circuit current density of ITO/Si solar
cells as a function of ITO thickness. The details of this work are
reported in reference 10. Based on both the simple calculation of the
optical refiection and also on comparison with the small area experimental

devices it was concluded that the optimum thickness of 1Ty 1s ahnut 750 f .

However, reflect1v1ty/res1st1v1ty and grid coverage tradeoffs for large
area devices indicate that best results may be obta1ned with IT0 th1ckness
of about 2250 .

4.4, Angle of Inc1dence Effects in ITO/S1ng1e crystal Si. Solar Cells:

We have performed experiments to determlne if the ang1e of 1nc1dence

conversion efficiency.and, if so, what ITO film parameters_are primari]y
fesponsib]e for this effect. A series of films were sputtered et dif-
ferent target-substrate angles. The thickness of the films were ap-
proximately 750 ﬁ, and the color of the films appeared deep.blue. The

angle between the sputtered material and the substrate was varied from .
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50° to 120°. "Three replicate experiments Were performed while varying

the angle ofhfhe target with respect‘fo the substrate. All fabrication
parameters were held constaht as described above. After sputter deposition
of the ITO, 10,000 R of silver was resistively evaporated through a

shadow mask to form a front contact.. The cells had an active area of

approximately 2 cmz_after subtracting for coverage of the grids. The
solar cells barameters were measured under AM1 illumination.

it was noted that, as the angle of incidence was increased
from normal, the appearance of the cells became hon-uniform in color,
thus suggesting variation in the thickness of the ITO film. This
vas confirmed by ellipsometry measurements. It is<be]ievéd that'.
this variation is due to rotating the substrate out of the central
sputter lobe of the target. However, the thickness variation of
the IT0 film, when reflected back through Jsc losses cannot explain
the obseryed variation in open circuit voltage-of 12 .percent. It was thought
that if the substrate was rotated out of the central sputter lobe, possible
variations in stoichiometry could be present in the ITO film. Sincey varying
indium oxide to tin oxide ratios vary open circuit voltage [6], Auger and
ESCA analysis were utilized to determine if any compositional change can be seen
in the bulk 6f<the ITO films, As shown in Fig. 4.3. within the resolution
of Auger and ESCA analysis there was no detectablé compositional changes
in the films. v |

The angle of incidence of the sputtered partial beam of the substrate
may cause variations‘in the crystallite size within the ITO film. By
depositing ITO on glass substrates with different angle of incidence, and
maintaining all other deposition barameters constant,.we have observed
conductivity changes in ITO by an order of magnitude. The highest conduct-.
ivities also crrespond to the highest open circuit voltages, In this

regard, conductivities usually.are associated with a more degenerate film,
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a reduced work function and hence a higher barrier'height. This maye
be the origin of observed increased open circuit voltages.

4.5. Reverse I-V Characteristics of ITO/Sing]e Crystel Si SIS So]arACe1]s:

‘We have used reverse I-V characteristics under illumination to examine
whether leakage current orginating from edge effects 1§.present in our’
present devices. . The following parameters Wefe measured for the device
R-339 at one sun (AM1, 100 mw/cmz): ~temperature -25°.c, Voc = 508 mW,

Jo, = 28.39 mA/en’, FF = 0.74, active area = 3.28 cn’ and éfficiency = 10.67%.
The reverse I-V characteristics under il]uminetion are shown in Fig. 4.4.

The reverse bias was varied from O to voitas and the intensity was Varied
from 18 mw/cm2 to 144 mN/cmz. As can be seen from Fig. 4.4., the phet01
current remains practica]]y constant as the reverse bias is increased.

At the lower intentsities the photocurrent 1ncreases very slowly with

reverse bias, which 1nd1cates that recomb1nat1on current is contr1but1ng
slightly to the photocurrent. In recent dev1ces such as these the edge

leakage problem observed earlier has been significantly reduced.

In oreer to determine the area dependence of- the reverse IfV charact-
eristics we tested a small area device R-507B with the following parameters:
temperature - 25°C, Voo = 493 mV, 9 = 27.35 mA/cme, FF = U.645, Area =
0.079Acm2, and Efficiency = .70%. The reverse I-V characteristics under

illumination are shown in Fig. 4.5:. The intensity was increased from
7.1 mW/cm2 to 144 mhl/cm2 and the reverse bias varied from 0 to 7 volt,

In this case the photocurrent was not quite constant, but increased
s]ight]y with bias even at higher intehsity. This increase in reverse
current is due to leakage current and could be due to the- fol]ow1ng two
contributions: (1) the surface generat1on of m1nor1ty carr1ers occuring
in the reg1on where the 3unct1on 1ntersects the surface of the silicon;

and (2) the generat1on of m1nor1ty carr1ers 1ns1de the dep]et1on 1ayer
. I
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Figure 4.4. Reverse 1-v characteristics of ITO/Si SIS solar cell (R-339) under
illumination with intensity as the variable parameter.




-55-

|O.L...

- . INfENSI-TY= 142 SUNS
14 _—~1.00
)4
=S 0.85
0.57
100 —
= 10" I o028
E ¢
= 0.14
E i :
g:-' 0.07 —
m .. ' . - ”
> -
O
0™ |
.. Rs07B
- AREA=0.079 cm?
T | SUN=AMI (100 mw/cm?)
'()-2 1 i ' I [ 1 1 1
o 12 3 4 5 6 7
REVERSE BIAS (VOLTS)
" - Figure 4.5,Reverse I-V characteristics of ITO/Si SIS solar cell (R-507B)

- «-under 1llumination with intensity as the variable parameter. .



-56-

Since for large area devices almost no leakage current is observed,
the surface and edge generation of minority carriers is likely to be
responsible for the leakage current in small area diodes. Moreover,
the diode reverse current is likely to be reduced if the surface is
moved deeper into inversion by a combination of 1ower.work function of

the oxide and/or reduced interface state- dens1ty

4.6. Effect of Substrate Surface Preparation and Hydrogen Passivation
on the Perfarmance of ITO/wacker Polysilicon SIS So]ar Cells:

Prior to fabr1cat1on, some of the po]ycrysta111ne substrates were
etched in a mixture of hydrof]uor1c and n1tr1c acids for approx1mate1y
2 minutes to remove surface contamination and saw damage'- The etched
wafers appeared smooth but some evidence of saw damage was‘still visible.
The Tight and dark I-V characteristics of three ITO/ponsi1icon SIS

solar cells are shown in Fig. 4.6. and 4.7. Sample 661 is a diode

that was fabricated with Wacker pdlysilicen as it was obtained from the
supplier. The surface of semple 664 was prepared byrchemicel'etching‘

as described earlier to reduce the surface damages., ‘During}the fabrication
of diode 660B, hydrogen was incorborated during mi]]in§ and.nxidatien to
pssivate the surface defects, As can be seen from ng; 4;11 and 4.12

the diode characteristics were improved;by chemical treetﬁent of the
surface. Since no grids wererapp11ed to'tﬁese diodes, the t111 factor

is low. The hydrogen passivation further reduces the static and dynamic

role of surface states. S1nce the open .
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Figure 4.6.: Current-Voltage I1luminated (AM1) characteristics of
' ITO/Wacker polysilicon SIS solar cells for various surface
treatments.
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circuit voltage, V . of hydrogenated cells is better than the other

two diodes, hydrogen at the interface must reduce the electrostatic
effect of surface states and thereby enhance the open circuit Vo]tage.
‘This is supported by the barrier height measured by C-V method. These.
results are shown in Table 4.1; thg hydrogenated cell has the highest
barrier height. The increase in short circuit density Jsc with surface
etching and hydrogen incorporation indicates that the de]eteridus
effect of surface states is minimized. This is further comparéd by
spectral response measdrements which are shown in Fig. 4.8.. For

the diodes with untreated surfaces the spectral response is reduced at
all wavelengths. A low barrier height énhancesAthe.effect‘of a high
density of surface states and hence decreases the'spectral response [7].
The reduced barrier also leads to a higher concentration of méjority
carriers at the insulator-semiconductor interface which increases
recombfnation at surface states and also éaused degradation in the
spectral response at all wavelengths L7].' With hydrogen treétmeht,

the spectral response at lower wavelengths increases slightly, indicating

due to passivation of grain boundaries near the surface.

4.7. C-V and G-V Characteristics of ITO/polysilicon SIS So]af te]]s:

| Three samples were selected 16 this work. Sample #661 is a diode
that was fabricated with Wacker polysilicon as it was obtained from
the supplier. The back surface of sample R710 was prepared by cheﬁica1
etching as described earlier to ensure good ohmic contact, but the

front surface was untreated.
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4.1.

ITO/Wacker Polysilicon SIS Solar Cells

Surface

Totél-

\Y J

Hydrogenated

Device Illumination Barrier c FF - Efficiency
No. Treatment & ' and Height o s ) '
’ (cm®) Temperature (mv) (mV) mA/cm 7
_R661 ' No Surface  0.079 100 mW/cm® 798 335 . 18.1 0.273 1.75
Treatment 28°C
. 2
ROG4 Chemicnl 0.079 100 mwicm 932 509 30.7 0.383 6.03
. 28°C
htched
RO60B Chemical  0.079 100 TW/cm? 956 512 33.2 0.456 7.73
‘ Etclied and 28°C
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During the fabrication of diode R710 hydrogen was incorp-
orated during the milling and oxidation to passivate the surface
defects. Both front and back surfaces were chemica]]y etched for
sample R660B and hydrogen was incorporated dufing the milling
and oxidation as in diode R710. Table 4.2. shows the photovoltaic
output and barrier height data measured from 1MHz C-V characteri-
istics. The admittaﬁce measurements were carried out by the auto-
mated technqiue described in Seciton 5.2. |
The C-V and G-V character{stics of three samples measured at
30 KHz and 3 KHz respectively are shown in Fig. 4.9. and 4,10. In far
forward bias the sample becomes highly condﬁctive and the phase of the
admittance (@ = 'tﬁn'] (_ESL_)] tends to zero as G becomes much larger
thdn wC. The minimum phase that can be measured by the network analyzer

system is 0.U]1 degree. This_ corresponds to a minimum %E ratio of 1.75 x 10'4.‘

On comparing admittance measurements of different samples (Fig. 4.9. and

4.10), the lower efficiency samples (R 661, R 710) and C-V characferistics

had Towér turn on voltages than the higher sample (R .660B) as seen in

Fig. 4.9. Therefore, for the poorer devices the phase. becomes too small to

measure at lower voltages than for R 660B, and the capacitance cannot be
measured, as seen in Fig. 4.10. As shown in Fiqg. 4.9. at zero bias,

the 30 KHz value of the capacitance is virtually independent for

device R710 and R660B. Under reverse bias, the semiconductor cannot

generate minoritykcarriers sufficiently rapidly to maintain an inversion

layer. Hence, the depletion region at the oxide-polysilicon interface

expands to absorb the reverse bias and the capacitance decreases.

The large value of capacitance at zero bias for devcice R661 indicates

that the surface is either not inverted or even possibly depleted and

the width of the denletion laver is smaller than in device R661 and R710,

Strongly depleted or weakly inverted surfaces remain up to small .forward
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TABLE L7022

Photovoltaic OQutput and Barrier Height
Calculated from C-V data Measured at 1 MHz

Device Totalk I1lumination Barrier \Y J ' . s i
' . oc sc FF Efficiency
No. Arca and Height ) ;
2 Temperature (mV) (m/\/cmz) : i
(cm™) ' ’ (mvV) % i
| A | . i
R661L 0.079 AM1. 798 335 26.7 0.59 7.98 '
] (.)Osnw/cmz o Y ;
28°C i
_ i

R710 0.079- ARl 850 ~ 4300 . 32.4 0.67. 8.50 -
1.()()m\\l/cm2 i
28°C o
- —— - é
RGOOB . 0.079 AM] 956 512 33.2 0.73 9.56 i
. |

2

LOOmW/cm™ !
!
28°C !
l
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bias (~ 0.2V) so that the depletion mode of behavior continues into this
direction. At out 0.4V, the capacitance breaks off from this mode behavior

and, reverts to the normal MIS behavior by about 0.6 V. It is within
the regioh'of bias, about 0.4 to 0.6 volt, that a 1arge hump appears.

in the C-V characteristics. The hump is due to the unclamping of the
_‘inversion region as the dipde becomes more positive. - In terms of thE_;wﬁ
interface characteristics, device R661 appears to be weakly depleted
with smaller barrier height. The barrier height of device R660B should
be‘greater than device R710. This is indeed the case, és-cah be seen
from Fig. 4.11 and Table 4.2, Fig. 4,11 shows the 11ght 1-V character-
istics of three samples, and the high Voé/device R6608 further indicates
high barrier height. As expected, the barrier height of device R660B is
higher than either devices R661 or R710.

The G-V characteristics of the three samples are shown in Fig. 4.10
In reverse bias and small forward bias the minority carrier concentra-
tion does not change appreciably and the conductance varies slowly with
the bias. At about 0.2 volts, the current flow increases rapidly with
applied bias. In this region the device conductance at a given bias is
high for device R661 and low for device R660B. This implies that .
the dark current in forward bias will be low for device R660B and high
for device RR661. The values of conductances for device R710 lie in’

3

between that of R661 and R660B. This is supported by the measured

forward dark I-V characteristics shown in Fig. 4.12 for the three samﬁ]es.'
CThe L=V and G-V characteristigs of device Robuk a$ a function of - '
frequency are shown in Fig, 4.13:$nd 4,14, At high frequencies the cépaci-
tance caﬁ be measured up to 0.65 volts, . HoWeVek, for Tow frequencies
(100Hz) the ~i%%- ratio becomes too small and the capacitance cannot be
measured~past'0.? volts forward bias. For éompérison, in  Figs. 4.15 and 4.16

we have dlso shown the theoretical C-V and G-V. characteristics of ITO-SiOx—
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Figure 4.11: Comparison of Light I-V Characteristics
' of 170/Si solar cells with no surface
treatment versus the chemically etched-
and chem1ca11y etched and hydrogenated
devices. _
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{p-type) single crystal Si solar cell as a function of signal frequency [3].
The theoretical calculations are based on the equivalent circuit apprdach
outlined by Green t7].' The absolute values cannot be compared due to the
following reasons: (a) theoretical results are for single crystal silicon
and the experimental results are for polysilicon, (b) the device parameters
in equrimenta1 devicesAahd theoretical ca]cu1atioﬁs are different. However,
the functional dependence is roughly the same. S]ight,freqﬁency dispersion
in the reverse bias C-V characteristics could be due to polycrystalline
nature of the substrate and/or an interface that is not strong1y'inverted.
The hdmp in the C-V characteristics at about 0.4 volt is due to the'clambing
of the inversion layer as explained before. As expected, G—V.characteristics
of Fig. 4.14 shows frequency dispersion in reverse and small forward bias.
Due to the large amounts of current'f1owing in these ultra thin interfacial
layer (& 10 - 15 & ) based devices, we could not measure the C-V.and G-V
chéractéristics'above about 0.7 volt.

4.8. . Results of ITO/Silicon on Ceramic Solar Cells:

Devices were also fabricated on highly defected silicon substrates
such as Honeywell dip coated polysilicon on ceramic substrates. The un-
avai]abi]ity'of substrates prevented any optimization. Nevértheless, good

photovoltaic behavior was observed. The device parameters measured at

Honeyweﬁ] Center ate the following:

AMI (100 mH/cm?)
v = 483 mV

oc

Active Area = 1.17 cm2
Con g 2

Jsc = 24.7 mA(cm

FF.= 0.75 . .

Efficiency = 8.9%



1t is worth mentioning here that the fill factor 0.75 observed in
our ITO/Si SIS solar cells is the highest ever seen in any p-n junction
device fabricated at Honeywell [9]. Also, the sample used in this work
is not one of the best available and we have not optimized the fabrication
procedures. The device was made near the edge of the substrate, owing
to our mask pattern, and not in the center of the sub;trate where Honey-
well claims they obtain their best QeVices. The results are consistent
with the hypothesis that ion beam Sputtéring téchno]ogy is promising
and may even have advantages for low qua11ty highly defected substrates.

4.9. Photovoltaic Character1st1cs of MoOQ/S1n91e Crystal Si Solar Cells:

An I-V curve of a MoO3 photodiode on 1.0 ¢ cm silicon is shown in
Fig. 4.17 Photodiode parameters fof-this cell were V. =225 mV, J . =
14.6 mA/cmz, and n = 1.7 percent. This I-V curve is characteristic of
each of the three s11icon.resistivities used. In thfs diode, the photo
response in forward bias is reduced because of the high value of series
resistance. A probable explanation for the high value of series resistance
could be . the MoO3 film resistivity. In éomparison to ITO films, where
= 2.5x 107" g cm, these Mo, films are 5 orders of magnitude more
resistive. Further study needs to be done to identify fabrication parameters
that may lower the Mods_film feSistjvity or reduce the impact of this effect.
The photovoltaic output of M003/Sj SIS solar cells is poor. As described
above, the high resistivity of MoO, films may be responsibie for this.
Another reason could be the high work function of MoO3'(4 58 er.
More exper1menta1 work needs to be done on M002/S1 solar cells
in the fo]]ow1ng two directions, before f1na1 judgement about

it su1tab111ty or unsuitability can be passed:
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Figure 4.17: Photovoltaic

Area = 0.0445 cm? |

cha‘racteristics of M003/S1' solar cells.
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(1) Control on the resistivity of'Moo3 fiims
(i1) Measurement of work function and its variability

4.10. Best ITO/Si SIS Solar -Cells:

The photovoltaic output of,besf Iérge area I1T0/single and polysilicon
SIS solar cells are listed in Table 4.3. It is noteworthy that the
efficiencies obtained on Wacker polysilicon dev{ces approach those of
‘single crystal silicon. This supports the coné]usions concerning the

relative effects of grain boundaries and intragrain defects.
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TABLE 4.3

Photovoltaic Output of Best ITO/Si SIS Solar Cells Measured at AMl
(100 mW/cm2) 28°C

Sub-  Total Active V I__ . FF Total Actlve Area
strate Are Area, ¢ se " Area Efficiency
3 2, (mV) (mA)

(cm”) (cm®) Efficiency % %

Single 11.46 ~9.67 526 328.9 0.79 11.9 14.1
Crystal

p-Si

<100>

Wacker

poly 11.46  9.67 522 322.1 0.79 11.5 13.7
Silicon .

p-type

Wacker

P?ly 18.64 16.02 522 485.3 0.70 9.5 ' 11.1
Silicon . _

p-type

Monsanto : .

poly 11.46 9.67 496 267.0 0.77 10.5 8.9
silicon .

p-type
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ITO/SILICON INTERFACE
The ITO/Silicon solar cell function is fabricated by sputtering the

silicon substrate, exposing the sputtered surface to a background oxygen

-5

pressure of 2 x 107" Torr at a temperature of 375o C for a short per1od

of time (20 60 sec. ) and then depos1t1ng ITO over the surface The

- 1nterfac1a1 region 1s a critical part of the ITO/s111con so]ar cell for both

its exper1menta1 and theoret1ca1 aspects We 1nvest1gated four aspects of
the interface: |

1. Impurities

2. The presence of a S10 1ayerA

3: Growth rate of 5102 at reduced pressure

'4.- Long term stab111ty of the interfacial region

We used Auger sputter profiles to investigate the first three of these.
The fourth was considered from a thermodynamic viewpoint and was part of
the degradation studies. The results of the investigations are summarized
below.

A. Interface Impurities

The freshly sputtered silicon surface is highly reactive and subject
to contamination as well as oxidation. Interfacial impurities can arise
from a number of sources within the bell jar: residual gases, materials
sputtered from the fixturing, impurities within the target, and outgassing
from:system components, ceils revealed Iittie or no impurity contamination
in most of the cells tested. Contamination such as carbon, which would
indicate the presence of an organic, was not detected despite the presence
.of carbon in the target. A set of cells had considerable Fe, Ni and Al
contamination at the interface as shown in Fig.5.1. These elements

resulted from sputtering of the fixturing on to the ITO target.
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‘ Figure 5.1  fuger Depth Profile and Energy Scan of z Cell Containing Al and Fe Impurities

~

1368eV; Al,O,



282

The contaminants greatly effected the cell output as shown in Fig5.2.
Ta was also found distributed throughout the ITO layers, Fig5J3. It is
thought that the Ta originates from the Ta neutralizer wire of the ion -

source.

B. Interfacial Si02

We have determined that a thin layer of‘SiO2 forms during the short
time that the sputtered silicon substrate is exposed to 2 x 10'5 Torr 02
pressure of the vacuum chamber. This was accomplished by Auger sputter
profiling thin ITO/silicon cells. The detection of oxygen and silicon
at the ITO/Si interface is not sufficient to establish the presence of
S1'02 since the ITO contains oxygen and the substrate is silicon. We
used the Si LVV Tine shape as an indication of the bonding state of the
Si. A typical profile and set of line shapes are given in Fig54. The
negative peak at 76 eV and the positive peak at 65 eV clearly indicates
the presence of Si02. There is also an excess layer of oxygen which
correlates with the region of Si-0 banding. Thus, a thin 5102 layer
- forms during cell fabrication. Further details are given in J. Appl.

Phys. 50, 4172 (1979).

C. Growth of §i0,

We examined the oxidation df}chemically cleaned and sputtered
silicon surfaces. The oxidation of chemically cleaned surfaces was
useful for establishing Auger signatures for thin oxides and allowed us
to examine the Si0,/Si transition region. The apparent width of the
transition region for various thicknesses of Si02 is plotted in Fig5,5.

From these curves, and a knowledge of the mean escape depth of the Auger
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Figure 5.2, A SLS map and an I-V curve for z cell containing Al and Fe impurities.
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electrons and sputter broadening affect$; it Was.determined that the
oxide layers were a]mqst 100% SiO2 with a small (3-53) transition region.
However, the thickness of the thin oxides is thought to be highly noh-
‘uniform as shown in Fig. 5.6.

In the experiments on the oxidation of sputtered surfaces, single
crystal silicon wafers were heated to a givén'temperature in an UHV
\system which has a background pressure of less than 10'9 Torr. "The sur-
face was Sputtered, tﬁe chamber back filled with oxygen to a pressure
of 2 x 10'5 Torr to expose the surface for various lengths of time. The
resulting oxides were then Auger sputter profiled. The thicknesses.of
these oxides were estimated by comparing their profi]es with those of
standard oxides grown outside the vacuum chamber.

Oxides grown on sputtered surfaces at 50, 275 and 350fC were in-
vestigated.. At a subﬁtrate temperature of 275°C oxides were grown with

5 Torr for 10, 30 and 300 seconds, at 107>

exposure to 2 x 10~ Torr 0,
for 5400 seconds and for no intensional 0, exposures. The normalized Si
Auge; LVV Tines pro¥i1es for these oxides are illustrated in Fig. 5.7.
One can observe the monotonic progression of the curves indiéating in-
creased oxidation with exposure time. Fig. 5.8. compares the profiles

3 Torr 5400 sec in

of a 17A thick standard oxide with that of the 107
situ grown oxide. A close similarity is,appareﬁt.
In order to obtain a more quantitétive growth curve, the estimated
in-situ-grown oxide thickness vs. the Hog of 02 exposure in Langmuir's
is plotted:in Fig. 5.9. The oxide thickness was estimated by calibrating
the sputter rate aﬁdhtakihg the 90% level as the substrate surface. The
resulting plot is a straight line. This suggests that the oxide growth

is a logrithmic function of 02 exposure. Using this graph a preliminary

estimate of the oxide thickness grown during ITO/Si cell fabrication can
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Peak 1o Peak HEIGHT oF SI LVV VS, SPUTTER TIME

® — oxide regrown on sputtered surface at
275°C and 107+ Torr for 1.5 hrs..

X —  oxide qrown in furnace cn chemwically

cleaned surface at 350°C for 15 minutes

in dry 0,. tOx = 17A

[ A I A - ) 1' i A

2 4 6 8 10 12 14 16 I8

sputter time (minutes)

Figure 5.8. Comparison between furnace grown oxide (-17A) and in-situ

oxide grown on’sputtered surface.
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Figure 5.9. Oxidation rate of 1 KV Art sputtered silicon showing points from
several temperatures.
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be made. The exposure of the sputtered Si surface in cef] fabrication

is not a constant but varies from 20 td 60 §econd5fwhicﬁ correéponds to -

an 02 exposure of between 400 .and 1200 Langmuirs.»-FrOm the graphs it is

‘estimated that this would results in 7 to 11 R of S$i0,. . Thése values

" should be considered as estimates but gppear to be feasonab]y accurate.
Additional data obtained from intensity ratios of the ESCA line

show that the initial layers of Sin grow. ‘very rapidly buty. papidly but

then reach a near saturation thickness. The "saturation” thickness was

observed to be a function of temperature, pressure and sputtgk con-

4 Torr'

ditions; For example, at 375% C the saturation thickness at 10~
0, pressure was 40% greater than for surfaces exposed at 10'5:Torr; '

It can'be concluded that an S1‘02 léyer easi]y‘forms during the
fabrication of the ITO/Si solar cells. Apriori control of the thickness
of this layer, hoWever, is dependent upon better'undeﬁstandfng of oxydation
as a function of pressure, temberature, and subétfate surface states. The
Togarithmic dependence of oxidation upon 02 exposure indicates that,

with reasonable control of temperature; partial pressures, and time,

repeatability may be achieved.



6. ANALYSIS OF ITQ/Si SOLAR CELLS

Duringjthe course pf.thfs contract, three techniques were developed
to ana1yief1TO/Si SIS so1ar ce11s which are equa]]y applicable to
other solar cell types These are (i) an automated electronic test
system, (ii) automated steady state adm1ttance spectroscopy for
surface-state analyses, (iii) no1se spectra] dens1ty measurements as
a re11ab111ty predictor and contact diagnostic.’ In this sect1on details

of each of these techn1ques is descr1bed

6.1. AUfOMATED FLECTRONT( TFST SYSTFM

A block diagram of the test system is shown in Fig. 6.1. The
device under test can be mounted in a solar simulator for measurements
near room temperature at intensities from:'0 to 2 suns. Thetcell can
also be mounted in a vacuum chamber on a Peltier Jjunction attached to
a cold finger at -173° C for measurements from -170 to +50°C with or
Without illumination from an ELH Tamp or monochromatic light. The current
is measured bv monitoring the voitage across a'llohm precisfon resistor
uith a Keithly volt meter. The capacitance is measured with a1l MHz
Booton capacitance meter, with the analog output being monitored by
one channel of the analog to digital (A/D) converter. The temperature
of the dev1ce under- test is measured by an 0mega digital thermometer
w1th an analog output and mon1tored by the 9825. through another cahnnel
of the A/D _The bias voltage across the cell 1is also mon1tored by a
channe],of,the A/D. The cell.is capab]e of being biased from -10 to +10V
automatically by writlng the appropriate th strlng to the d1g1ta]
to analog. (D/A) converter |

An overv1ew of the HP 9825 software wh1r1 controls the system is

presented as a Warn1er-0rr-q1agram in * Pig. 6.2 The 1eftmost brace

represents the entirz solar cell test system. The first entry at the top
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Figure 6.1. A block diagram of the automated solar cell test system.

¢



AUTOIATED SCLAR CULL

Current versus voltage (L-V)
and Capacitance versus

Voltage (C-V) Mcasurements
and Preliminary Interpretation

0,1)

- Analysis of Dark I-V Data

STSTEM (0,1)

Analysis of Dark C-V Dacta
(0,1)

—/—"‘—---—__—/”\~_;_—-’--——‘“-\ _,—————____,/;\__‘———‘_;‘5\-—*‘—‘_-“-———/‘\—_——-——-_‘-\\

-94.

Label for user reference

Cell Area (cmz)

Maximum allowable current (I
through cell being tested

Voltage range on Analog to
Digital (A/D) converter

)
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Light I-V measurements
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Dark C-V measurements
(0,1)
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{
|
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Floppy disk
@

User dnitlallzacien Magnecle tape
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Plot the log of the dark current (mA/cmz) versus voltage (volts)

Compute and plot the saturation current densicy (mAIcmz) versus
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Compute and plot the diode quality factor (n) versus voltage

Cct pute and plot the barrier height (volts) versus voltage
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2
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the image-force lowering term (a¢), the zero-field asymtotic
barrier height (¢Bo). and the barrier height (°B ) on the
plotter n

F'igure 6.2. A Warnier Diagram of the Automated Solar Cell Test System
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right of the leftmost brace is the process ‘structure controlling
the test apparatus in Fig. 6.1. for light I-V, dark I-V, and dark
C-V measurements at a given temperature and illumination. This
section also c6mputes the efficiency, open circuit voltage, short
circuit current and fill factor at a given illumination and temp-
erature for light I-V measurements. The light I-V curve for a -
typical indium tin oxide (ITO) solar cell is shown in Fig. 6.3.
The second section of the test system pefforms dark I-V analysis

of the measufed data at a given temperature. The barrier height as
obtained from the saturation current density (JS), based upon therm-
jonic emission-diffusion theory for meta]-insu]ator—semiconductor

devices ds given by: .

¢ =H_2 A**TZ‘ .
Bn 9" T (6.1)

The third section analyzes'the_c-v data in reverse bias using
the differential capacitance méthod discussed by Ngayen et al. [13] to
determine the built-in voltage and barrier height. This technjque allows

for doping densities which are of the form

N =aXB

0 (6.2.)

-where X is the depletion region width. The constants a and g are ob-

tained from

-

M S V1.7 N (6,3,)
D qe aV :

where e i5 the dielectric constant of the semiconductor and A is the

device area. Poisson's equation can be integrated to obtain:
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QacB'

int = V) ' (6.4.)

which.is plotted on the four pen plotter as (pe)® * 2versus v. The
~intercept voltage obtained from the above function is more reliable
than V nt ca]cu]ated from ]/C data becasue the doping profile is
relaxed from be1ng un1form with depth Th1s point may be quite sig-
nificant. It is well known that mob111ty variat1ons and doping non-
uniformities have significant 1mpact on weakly 1nverted MIS structures.
The resultfngépotentia1 fluctuations could also have significant impact
on MIS/SIS solar cells in ways normally attributed to other mechan1sms,

~ but these effects have not been evaluated to date.

The built-in voltage (Vbi) is:

L=, + K (6.5) .
The barrier height can then be computed assuming conservation of energy

EC -Ef’“

og = Vpi - 49 + (6.6)

where A¢ is the Schottky barr1er Towering.and E. -E. is dependent on
the temperature and material being studied. Equations 6.4, and 6.5., and
5.6, are shown graphically in Fig. 6.4 for a typical ITO/SI solar cell.
The fourth section is capable of performing a variety of transient
capacitance measurcments of processes occurring on a 1 m/sec or shorter
time scale. The cell is mounted on a cold finger equipped with an
optical w1ndow and a thermoelectric cooler. This permits contro]led‘
operat1on over a’ 11qu1d nitrogen to 100°C temperature range The thermal
activation .energy for traps can be measured by reverse biasing the cell

‘and observing the change in capacitance as the temperature is varied.
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6,2 AUTOMATED SURFACE ANALYSIS OF MIS/SIS SOLAR CELLS

A new technique for automated admittance measurements has been
developed and applied to character1ze the Si- S102 1nterface of MIS/SIS
devices. Th1s system is quite useful in that prev1ous data have in-
dicated that, in weakly inverted stqrctures, surface‘and bglk impurity
states can plan a significant role in limiting device‘performan;e. The’
te;hnique has improved speed/reso]ution'capabi]ities in ,}
evaluating these effects. The admittahce analysis system is based upon
the use of an autdmatic network analyzer (HP‘3570A5 and frequency
synthesizer (HP 3320B) buffered by a high speed I-V converter which hé; :
flat response up to 1 MHz. A block diagram of the I-V converter and
the system are shown in Fig. 6.5, and 6.6 respectively. The synthesizer,
network analyzer, and digital to analog (D/A) and A/D converter are all
ca]cuiator (HP 9825) controlled. The calculator sets eacﬁ'bias point and
can sweep 100 frequency points in approximately two minutes. The admittance
is stored on flexible discs for later analysis.

Typically impedance bridges or coherent detection techniques (lock-in
amplifiers) are used for these measurements, but both techniques are
Timited in their ability to sweep freugency. Each point takes upwards of
two minutes. All three techniques‘have been utilized in our laboratory.
The automated network analysis system represents a significant improvement
over impedance bridge or lock-in amplifier detection in this app]ication
because of increased accuracy in determining widths and heights or “
peaks of G/& versus w.

An automated analysis program, using the conductance technique, has
been developed to characterize the interface. Originally the conductance
method was for MIS capacifors, but it has been extended by”Kar énd Dahlke
[1] to include thinner oxide MIS deQices whére there %s appreciable con-

duction across the oxide. The analysis routine performs successive
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equivalent circuit reductions to remove the effects of bulk.resistance,
d.c. conductance and oxide capac1tance to 1solate the surface state
admittance.- The conductance G. and frequency w are p]otted as G/w versus
w for each bias point as in Fig. 6,7. The peak width determines the type
of surface state (e.g. single level, continuous).  The peak magnitude

and the frequency and'surface potential at which the peak.occurs, deter-
mine the surface state density, Using this system plots of Noo vs E

are made and compared for different processing varlat1ons

5.3. NOISE SPECTRAL -DENSITY AS A DEVICE RELIABILITY ESTIMATOR

Walsh [2 ] and Cocca [ 3] have deve]oped tests uti]izing.the temp-
erature and bias-dependent reverse current voltage charactenistics.
These tests detect negative hysteresis in the roverse curront-vo]tage
curve as we]] as doub1y or more activated the reverse current versus temp-
erature curves. This negat1ve hysteresis refers to the change |
in reverse current at a given bias on increasing bias versus that
observed on decreasing the bias. A positive hysteresis is said to occur
when the current decreases as the bias decreases and a negalive hysteresis
_if it increases. These tests have been shown to correlate reasonab]y |
well nith extended Tife tests [(4]. The problems with the Walsh and Cocca
tests are that they are hard to interpret and are sometimes destructive.
The noise spectral density test alleviates these problems by using break-
down vnltaqes be]ow the avalanchc breakdown voltaye uf the device and.
Tow temperatures The test is based upon deviations'from jdeal diode
shot (and thermal) noise as the device is heated from below to just above
room temperature. Noise in MIS and SIS dev1ces, as we]] as PIN devices,
has been. studied prev1ous]y [5-7]. ‘

IdeaI SIS d1odes in reverse bias exhibit shot no1se p]us a much
smaller thermal noise component. A non-ideal device exhibits shot

noise, thermal noise, generation recombination noise, and flicker noise.

i
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Table 6.1 summarizes diode noise mechanisms and their spectral dependence.
Ideal shot noise is only weakly temperature-dependent. At a single temp-
erature it is difficult to interpret or separate out individual noise
mechanisms. However, since the various noise mechanisms exhibit different
temperature dependences, the existence of substantial amounts of leakage,
recombination, and contéct prqb]ems tends to show up in the temperature
dependence of the noise spectral density. The applied biases involved
create relatively high flelds which enhance ionic diffusion. The temp-
erature variation sweeps the Fermi level so that certain traps become
recombination centers and vice versa.

Measurements were made using a co]d finger with a thermoelectric
cooling element for cooling, temperature.contro1 and heating. The device
was attached to the thermoelectric element and connected through a
batter-operated Quanted 205C pre-amp. The noise sbectra] density was
recofded in a Hewlett-Packard 3580A spectrum ahalyzer. The noise
spectral density and the reverse cuﬁrentrvoitace characteristic; for
typical devices are shown in Figs.'s,s, and 6.9, - : IL is seen
that the device with the most anomaious reverse current charactieristics
also exhibits the greatest variation in noise spectral density. The
hysteresis in the reverse current voltage characteristics are indicative
of ion motion on the surface of the devices. The relatively soft break-
down characteristics exhibited in the ;everse current voltage curve
of power devices are also 1ndicativg of edge effects and imperfections
in the device. Low conversion efficiency does not correlate wiih reverse
bias hysteresis and variation in noise spectral density. These devices
~also_ failed an extended high temperature test at variable rates. Other
data, although preliminary, tend to confirm'thgse trends, These trends

need to be duplicated and statist1ca11y validated in future work.



-105-

Table 6;1.,

.Djode Current and Noise Mechanisms

I = T3/2 exp -Eg/kT

Sﬁ(s) = 29I, - “shot

ol T .
Si(w) = i, .-G -~-R
1+w2T2 )
_ KN ()
Si@) = K ————— flicker
' af

Si(w) = 4KTG thermal



. 10°
<
_
P
L
c
5
O ldlo
wJ
n
ac
L]
0
x
8' |6” 1 : i : 1 1 ]
~ .. 2 4 .6 .8 10
REVERSE BIAS (volts)
CELL: NI
Voc = 051V A
Js¢ = 226mA/cm®
] = 6.4%
-95F+
“» -100} '“"~.::::\"-~.- -98 °C ’ )
S T~ = ' .
- 105k ho\\ .
o 70°C =g
T .liof | |
>C.'
-115F
-]go .l g 1__;|, ‘J 1 L:1|

_lo* e
LOG FREQUENCY (Hz)

Figure 6.8.: Noise spéctnum and reverge'current voltage
v _characteristics'of-1T9/§1Qx/§1 cells (device Ny)



4 ll]l | Il'n. T

LOG REVERSE CURRENT (A)

(dB 1V rms)

c -110

RY;

1

2 4q . 6 8 .10
REVERSE BIAS ( volts) |
' CELL: N6
Voo = 047V
Jsc = 2lmA/cm®
n = 2%

~— .

61°C

Figure 6.9.:

10° 0
LOG FREQUENCY (Hz)

Noise spectrum and reverse-current voltage
characteristiﬁs‘of'ITOISTOX/Si cells (device NG)



-108-

~ REFERENCES
. Kar and W. Dahlke, Solid State Electron 15, 221 (1972).
Walsh, Proc. ASTM Reliability Conf. Chicago, 1969.

. Cocca, NASA Internal Pub]ication, May 1969.

£SHWw N

E. Yon and J. DuBow, NASA NGR 36-003-0067, 1971

5. A. Vanderziel and R. Pera]e NITS publication AD80/498,
September 1967.

6. V. Keimar and W. Dahlke, IEEE Trans. Electrn Devices 24, 146 (1977).
7. T.K. Lérnpennfng, Solid State Electron. 22, 1212 (1979).



-109-

?. DEGRADAT;ON OF ITO/Si SOLAR CELLS

Paft of the degradation studies were performed under separate con-
tract (EG-77-S-02-4518) and additional information can be found in final
report number C00-4518-T1 and J. Appl. Phys. 51, 527 (1980). For com-

p1eténgss, é summary of all the results is given here.

A. Thermal Stress

Previods]y we have shown thatlthe thermal degradation of the ITO/Si
cells is‘a thérmal]y activated'process. Thermally accelerated aging
is expeqfed to fb]]ow Arrenhius type behavior. However, it is doubtful
whether a sufficient quantity of cells have been degraded to reaiize a
trué 1ifetime prediction. However, enough cells have been tested that
it.is appropriate to evaluate the Arrenhius pehavior of the data presen;]y
available. | | | |

It is first necessar& to define an érbitféry end of'life value,
which here was chosen as 50 percent of the initial efficiéncy. The time
to reach this value was calculated through a cubic spline inferpo1ation
routine which generated points between ekistipg efficiency.Versus time
data. o |
Fﬁgure:7.1: shows the result of plotting the failure time on a semilog
scale for several funs. As‘may be seen, the faijure times are, as would
be expected, characteristically exponential with‘tehperature. However,
the degradafion rate is not the same between runs; with each run having
a diffgrent intercept but approximately the same activation energy. As
is seen,'the data points for an individual run do not exactly fit an ex-
ponentiél model for degfadation, but the average values seem to fit.
This méy imply that the degradation is more cohp]icated than a simple

1dgr1thm1c dependence, perhaps multiply activated. ' However, this questiqn,
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cannot be resolved until a more statistica]ly significant number of

samp1es'have,been tested, particularly at Tower temperatures.
Thekstab111ty qt recently fabricated sing1e and poly cells

(Monsant;) were compared with cells fabricated some months ago. .Figure

2a and b show the results of the recent tests. As can be seen the re-

cently fabricated poly cells degrgde'more rapidly than preyiously stuqied
single crystal cells and there are edditionel features such as a 1erge .
drop in v . The recently fabricated single cells appear'about the |
same as before and thus the degradation of the po]y cell would appear

to be due to the substrate however other process changes may. be important

in causing this change.

B. Thermodynamics of the ITO/Si Ihterface

The equ1]1br1um thermodynam1cs of the ITO/s111con interface was in-
vestigated by cons1der1ng the balanced chem1ca1 equat1on of possible
react1ons.l The pr1mary resu]ts are shown in Table 7 1. As can ‘be seen,

Si will read11y reduce In and Sn ox1des y1e1d1ng either free In or Sn or
the%r suboxides.. Howeveh,fin'the presence of exCess 6xygen the most
stable configuration is ohe'with?all elements (Si, In and Sn) fully
oxidized. "The thermodynamics- predicts the stahle conditions but does

not provide kinetic ihformetﬁon.' For the ITO/silicon interface the
kinetics involves the'transport of elements or molecules thru the ITO

and the interfacial S1'02 layer. This transport would be expected to be
slow; thus impeding the reactions. AA]se the thin interfacial SiO will
'°e1iminate contact. Betweeh’ITO‘and Si Since Si0, is formed on the inter-
act1on and since ITO and Si0, do not react, the reaction tends to be self
limiting. Also, $i0, is not a nucleation and growth type of oxide, and
the oxide tends to cover the surface: These considerations. help explain

the stability observed to date and the potential for stability in a device

whiich is sensitive to so thin an interfacial layer.
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Table 7.1.

Summary of the Thermodynamics of ITO-Si Reactions

Reactants Products AHr (Kcal/gm atom)
In,0, +'5602 + Si0, ' Always stable
;in203 + SnO2 +Si ' -17 to -5 Kcal
Iny0, + Sn0 + Si . : 216 to +1
Iny0 + 5n0, 1 Si | S | 20w s
Inj0 +'Sn0 + §1 | o . 43to -7
In0 + Sn0, + Si. : .19 to -5
- In0 + Sn0 + Si ' -35 to -7
Iny0, + Si : In, Sn, 5i0 R -16 to -2
— — or the suboXides ; o
In20 + Si + 02 B of In, Sn+Si -50 to -16
Ing0 + S0+ 0, o ol -3t -1
mo+si 1. T4 to -13
In0 1 Si0 + 0, _ . -26 to -4
Sn0, + Si | SR -20 to -9
Sn0 + S1 + 0, o _48 to -12
S0 + Si0 + 0, | o -3 to -11
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Previous degradation experiments have shown that 02 can diffuse

_at elevated temperatures through the ITO and the interfacial $1'02 but
that the ITO appears stdb]e in the’presénce.of 5102. Thus itIWOuld appear
that the kinetics of the interfacial Eeagtions control tﬁe Ce]1 stabifity
and not the thermodynamics. '

The meéhaﬁism for thermal degradatfon.waé detefmined by a §eries 6f
tests in vacuum, air, forming gas and N2. As is predicted from the ;bove
thermodynamics, the cells heated in vacuum did not degrade. The degrada-
tion in forming gas and N2 was much slower than in air. These tests‘plus
I-V, ellipsometric and Auger measurements all indicate that the degrada-

- tion caused by the gkowth of the interfacial S1‘02 layef;'apparent1y Sy’
the diffusion of 0, through the ITO 1ayer. Uiffusion‘thrOugh the ITO did
not appear to be the rate limiting step éince the degradation was inf
depehdent of ITO thickness. The interfacia],kinetic properties appear to

.be the dominant factor in determining the degradation rate.

C. IMluminated Stress Testigé
| ‘Section 7.A.. discusses the results of cells thermally stressed in
the dark, with the reSﬁ]t thaf degfadatfon occurred via the oxidation of
the silicon at the‘interface. However, the reaction was‘found to proceed
extremely slowly ét room temperature, so much so that at this temperature
(and in the dark) ho'severe thermal degradation is expected at normal
operating temperature. This seems to be substantiated by the fact that
cells fabricated sevefa] years priof tq'this research show little "on
the she1f"_degraﬁation{' . |

The fésuIts 6f the previouS»seéfion sefve oniy to bredict the.pér-
formance of the cell when étored in the dark. Iﬁ actual use, the cell
is subjecfed to a light jntedsity of ébout 100 mW per square centimeter.

The device is also under load, with current densities of around 30 -mA/cm?
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being drawn from the cell. The effects of these stresses is not expected
to re]ate‘to the type of degradation found in the previous section (ex-
cept for some sort of f1e1d-a1ded ox1dat1on at the 1nterface)
the effect of 11ght espec1a11y u]trav1o]et light, is the break1ng
of certa1n chem1ca1 bonds This leads to 1ncreased defects in semi-
conductors and thus shorter surface and perhaps bu]k lifetimes, For
s111con, this 1s not a s1gn1f1cant problem under terrestr1a1 radiation
conditions. However, the effect of long term exposure of ITO to sun-
I1ght is not wel] stud1ed espec1a11y ITO prepared by ion beam sputter1ng
The lifetime in the ITO is not a critical parameter in the dev1ce per-
formance. However, 1ncreased defects in the ITO could lead to scatter1ng
and absorbt1on centers which wou]d reduce the amount of 11ght reaching
the silicon. Th1s could be constructed as a degradat1on mechanism,
Current flow in devices’ 1s often responsible for failure. Qne .
mechanism, known as e]ectro-m1grat1on, resu]ts in mass transport dup ta
va DC current. ua]]y th1s type of degradat1on results in open c1rcu1ts
of metallizalion and 1nterconnects. Electrom1grat1on is usually 11m1ted
to sttuations where high current densities exist (10° A{cmz) in planar
ICs. However, the effect of long terh current flow through ITO is again
not well characterized, and it is possible that electromigration of the .
" ITO could occur even at Tow current deubltiLa _ |
- Another degradat1on mechanism assoc1ated w1th surface contro]]ed
devices (i.e. planar FETs, MOSFETs) is ionic drlft and contam1nat10n
In this failure mode, ionic contaminants drift to the surface of the
device as a resu]t of external or internal fields. In diodes this mani-
fests itself in barrier cancellation and shunting. In solar cells, this

would result in decreased open circuit voltage.
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To identify whether or not any of these factors were present to
an obvious and significant degree, in the effects of normal light and
load on a limited sample of ITO/Si_soiaf cells were studied over ex-
tended periods of tihe.' This was first done at room temperature and
later at elevated temperatufes. In the,fo]19ﬁﬁhg, a description of
test apparatus and ekperimental proéedure is given. A comparison is
then made betweén the results obtaihed here and thdse of Burke and
Shewchun, who have performed similar experiments. |

Three cei]s_were selected from,each of two different runs, numbers
165 and 169. Other cells from theée two runs had been thermally de-
graded as described prévfously. Both cells de-
graded in the usual manner with heat, although 169 was found to degrade
much slower than 165. Both cells alsb showedAa reduction in Voc under
thermal stress, as well as suffering from.the usual decrease in fill
factor. As before, the cells used for illuminated stress testing were
one-eighth inch in diameter and unghcapsu]ated.

In thé initial experimeht, the cells were placed under varying loads
at 1 sun and 25% C. . This expefiment was similar to those performedlat
McMaster Universfty and'was uséd fb verify the results obtained by this
grdup. Later, tﬁ;;e same cells were heated to 82°C while maintaining
normal light and load and ai]owed to operate at this ;ondftfon'fof over
1300 hours. |

One cell from each run was placed uﬁder conditions of open circuit,
shoft circuit and maximum power, whiTe illuminated. .The maximum
power point was determined from the ihitid] I-V curves and a résistive

load was then used to obtain this condition. This resistance remained
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fixed for the duration of the test. As mentioned earlier, the light in-
tensity was maintéined using a étandard p-n junction photo cell. To ob-
tain a long bulb lifetime, the vd]tage to the ELH bulbs was maintained
at approximately 70 volts rather than the usual 110 volts. At full Qolt-
age these bulbs emit -a spectra characteristic of the AM2 solar spectrum.
However, -at lower vo]fage the bulbs operate at ahlower temperature which
shifts the spectra more into the infrared, hence reducing .the uitraviolet
radiation. | |

Initially the cells were maintained at a constant 1ighf and load for
200 hours at 25°C. The 1ight source was adjusted manually, and the liaht
intensity was found to vary.ten percent between adjustments. As a check
on cell performance, the vo]tage across the load reéistpns was measured!
fafrly often. At Tonger ‘intervals, complete TT]umfnafediI-V plots were
made. Dark enl versus V measurements were made initially and lafer at
the completion of tésffﬁg. To mininize contact resisfance problems,
small silver print corifacs were émployed between the ITO and tﬁe probe.

After 200 hours at 25°f, the cells were rcmoved from the Llexl appa-
ratus. A residue had formed on the cell surface as a result of out-
gassing of insulation in the box. Also,.the silver print proved to have

poor adhesion. The cells were cleaned and the silver print contacts re-

placed with an aluminun cross hair grid.pattern. .In the process, cell

165.3 was cracked and was rép]aced by another cell from the same run
designated 165.0.

Upon resumption of light and load, the chuck temperature was raised
to 82°C. The resistive loads were now hatched for the maximum power

point at this temperature. I-V measuremeénts were made at appropriate
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intervals, both at 82°C and at room temperature. The duration of the
final stage of tgsting was in excess of 1300 hours (two months).

Long term load testing of several cells was pérformed by Burke and
Shewichun at a temperature of 25°C t6 30°C prior to the experiment per-
formed here. Basically they found that the cells do not degrade, al-

though small fluctuations in V I.. and the fill factor were observed.

oc’ “sc
These fluctuations appeared to Be attributab1e~to their test apparatus.
For instance, fill factor changes cduld be related to contacfing prob-
lems, and Voc changes to temperature fluétuation. |

The results of our experiment performed at 25°C are éssentia]]y
the same as described above. For‘the'ée1ls tested here, 165 and 169,
fluctuations were also observed. These fluctuations were not identical
from cell to cell. However, there appearedAto be né fe1ationshib between
the load condition of the cell and the parameter fluctuation. Fill
factor changes were attributable to the poor adhesion of the silver
print as mentioned earlier and could be restored thrbugh fepositioning
the probe. Vob changes are thought to be due to temperature changes in
the chuck. It was found at the completion of testing that errors in
measurement'of‘the cell temperature were as much as +5°C, which is enough
to cause fluctuations of Voc’

The short circuit current also fluctuated in this initial testing.
Part of this is thought to be due to the non-uniformity of the light in-
tensity across the surface of the chuck. Aé the buibs aged and finally
had to be replaced at different times during the éxperiment, the inten-
sity and spectral distribution expéfienced by each cell, and thus the

short circuit current, changed during the course of the measurements.
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Within the margih of error imposed by the test system, it is believed
that no permanent degradation of these devices occurred after 200 hours
at 25°C, in agreement with the results of Burke and Shewbhun.

"As no apprecfable‘degkadétion of these cells had occurred, the cell
temperature was raised t0582° C in the hope of accelerating any previously
'unobserved failure mechanisms. Durfngbthe more than 1300 hours 6f test-
ing, the cell parameters were dyain ubserved'to f1uctuate,.0ﬁ1y much
more dramatically. When heasured in-situ, the short circuit current
was found uniformly lower at the bonc]usion of testing. As ﬁentionéd
earlier, bulb again }esuiféd inEnQn:Oh%form intensity and spectral’dis-
tribution over the duration of the test; which could account for the
fluctuations of this parameter. This was confirmed by independent I-V
measurements which showed that ISC had actually changed very little
from its initial value. | | h

The fi11 factors on several cells was found to have deteriorated |
after testing. This Toss in fill féctor was found in cells 165.0 and
169.3, both of which were kept at a éondition of open circuit throughout
the testing. The apparent cause was an eventual adhesion loss of the Al
to the ITO surface. Throughout the test, high series resistances were
found which could be eliminated by repositioning the probes indicating a
“contact problem. This could be due to oxidation of the Al. The fact
that the adhesion of the Al to the ITO degradéd ﬁﬁght indicate that A1203
was forming between the ITO and the Al. This is a strongly favored re-
action as discussed in the previous section. This type of reaction is
often seen in planar ICs between A]'and'SiOZ which has a comparable heat

of formation to In203.
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Early in this final stage of load testing, Voc dropped noticeably
and then fluctuated around a mean value lower than the initial value.
A1l the cells, except 165.0‘which_did not suffer from a decrease in this
parameter, followec the same pattérn of fluctuation as that shown in
#ig. 7.2.for cell 169.1. The cells were found'to suffer a decrease of
approxfmate]y 4.5 percent. As djscussed earlier, the a;tual température
varied abouf 5°C. This is more thén enough to account for the observéd
change, as Voc is predicted to change about .0063 volts per centjgrade
‘degree. However, independent tests were made.on the cells outside the
test chamber with care taken to record the corfecf temperéture. These_
tests indicated that the open circuit voltage had permanent]y degraded,
and was not an artifact of the test apparatus. | _

Anderson  and th§h bbth report Voc loss when‘Snoz/Si cells are
' load tested as wei] as when on the shel%. The magnitude of fhié loss is
around 10 percent compared to the 4.5 percent loss found here. 1TO/Si
ce]is fgbrjcaﬁed by D. Burke severa] years prior to this research were
checked to determine whether on the shelf degradation similar to that
observed by Gho;h et al.}had oCcurEed.‘ The Voc of the D. Burke cells
was found to be identical to their initial measurements. A close com-

parison here of the other parameters, I__. and fill factor, is not valid

sc
as these two parametérsrare very sensitive to the test apparatus employed,
which was quite different to the present setup. ~Qua]itative]y however,
these parameters did not appear to have degraded from the original
measurements.

Although these cells did not lose V . on the shelf, this does not

mean that all cells will behave this way. It was found in the thermal
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degkadatfon that some cells suffered a dgcreasing Voc while others did
not. Coincidentally, both 165 and 169 were found to suffer from reduced
.Voc both therma11y and under light and 1o§d. Frém thermal stress test-
ing, this loss appeared thermally activated which might explain why it
was not observed under light and loéd until the temperature was raised
to 82°C. |

It has been postulated that deterioration of Voc due to thermal
stress was caused by the increase in the interfacial oxide leading to
reduced barrier height. However, in the case of 1fght and load stress,
the.oxide thickness apparently remained constant with time. It is possi-
ble that ionié impuritigs drifted to the interface resu]fing in barrier
cancellation. Ghosh et al. discuss this possibility in explaining thé
Voc loss in SnOZ/Si solar cells when under stress. They attempted to .
determine if this occurred by subjecting the degraded cells to high re-
vefse bias and temperature. The presumption is that this type of degra-
dation is reversible by drifting the ionic contaminants away frdm the
junction. The result of this was no change in the open circuit voltage,
and it was then concluded that changes were a result of interfacial re-
orientation of the Sn0, to some stable confiqurafion which gave a higher
surface state density.

It is possible that similar mechaniéms abpear in the IT0/Si
cells and thus account for the decrease in Voc- However, free
energy considerations indicate that indium oxide is more thermo-
dynamically stable than tin oxide. Nevertheless, it %s‘not con-
clusive from the above exbefimént whether or not ionic?impﬁrities
collect at the junction of thé'SnOé/Si‘iel1s'as.this deéraaation mby
be ejther reversible or irrgvéisible."The séhe"&ould be: true for

ITO/Si solar cells. -
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8. INDIUM PRICE/SUPPLY PATTERN AND ECONOMIC ANALYSIS

A major conclusion of this e]ement of thegprogram is that
indium price and availability will not limit the use of ITO solar cells.
This conclusion is based primarily on the fact that 1arge quantities’
of ava11ab1e indium are not be1ng recovered There are several factors
that justify an opt1mlst1c out]ook for 1nd1um avai1abiiity' Due to siack
demand, the recovery of 1nd1um ‘has -been a marg1na1 operat1on Indium -
is recovered as a by product of zinc sme1t1ng Only about one s1xth
of thc zinc ta111ngs are processed to yield the nEceSSary supply of
1nd1um Product1on is 11m1ted to those quant1t1es necessary to meet the
Timited demand " The 1ow prof1tab111ty of the 1nd1um 1ndustry as reflected
in constant actua] prices over 25 years (until quite recently) has not '
warranted the deve]opment of new techn1ques or new sources of supply [1];.
However, cha]copyr1te copper ores are just as promising as zinc ores as
a source of indium. ' | ' a

A second maJor conc]us1on was that ITO SIS ce11 fabrication is
econ1m1ca11y compet1t1ve w1th LSA p-n junction technology. A computer
program has been generated which automates the SAMICS IPEG costing pro-
cedure. 1he program has prev1ously been ut11zed in conduct1ng a first
pass econom1c eva]uat1on of an ITO device based so]ar ce11 factory it
is felt that this procedure y1e1ds meaningful prehmnary eqtmates
appropriate to the state of development of the technology. ‘While a more'
detailed analysisvis unwarranted cost estimates thhin the LSA cost
framework are usefu1 for eva]uat1ng advanced technologies. ‘Based on'aa
fabr1cat1on sequence us1ng current]y ava1]ab1e equipment, th1s ana]ys1s ‘
1nd1cated that ITO dev1ces could meet the near term cost goa] of $2 per
peak watt. However, more 1mportant1y, the resu]ts 1nd1cated that the '
required product pr1ce has h1ghest sens1t1v1ty to product y1eld and |

ce11 eff1c1ency The pr1ce is a]so sensitive to the capltal outlay
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required for sputtering equipment and significantly 1ess sensitive
to the cost of materials and other factors of production
Recent analysis has focused on sputtering techno]ogy w1th sub—

stantially increased throughput. One such techno]ogy is described below.

The candidate I1T0/silicon dev1ce fabrication sequence centers aroundl
the use of a muitifunction, linear, 1on source sputter depos1tion station.
The reference configuration of the sputter station employs an octagona] \
drum fixture. The wafer streams are processed 51muitaneously on a ‘three
minute cycle Six plattens containing wafers are ioaded (and six plattens
unloaded) on two fixturing surfaces of the octagonal drum during each cyc]e
~while milling, oxide growth and film depOSition proceed 51mu1taneously
in six process “vaults“ over the six remaining fixturing surfaces. The
number of plattens handled during each cyc]e was chosen as a reference.
Larger fixturing drums and ion sources are technicaiiy possible.

The candidate industry "projected" for startup in 1986 emp]oys ad-
vanced fabrication concepts which, although known to be technically
workable, are in most cases unproven on the scale assumed in.this analysis.
This industry configuration was chosen in an effort to hound the costs of
mass produced ITO devices based on techniques which aithough requiring
further devclopment and cdmmerciaiization, appearlmost well matched to
the industry expectation of high~production volume in 1986.

Patterned after the 50¢/Wpk Candidate Technology “[15] transport of
devices from one work station to the next is by means of belt conveyors. _
The candidate factory is assumed to be verticai]y integrated incorporating
substrate’production and cell and module fabrication. Since the focus |
of this analysis is on the ceil fabrication, other portions'of the pro-
duction'sequence-are as specified in the 50¢/Wpk Candidate Technologyi

‘Since‘the prior‘history of the~wafer5'is|aSSUmed.knoWnain'their intet

grated factory, several c]eaning and degreasing steps, which under other
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circumstances are necessary, have been e]iminated Also, the infsitu
ion mi]]ing step reduces stringent c]eaning requirements

As in the JPL 50¢/wpk Candidate Techno]ogy the wafer surface is EFG

ribbon 5111con The back surface of the wafer is aluminized Following
film deposition, siiver front grids are applied by screen printing and
_the cells are then tested and sorted, ~‘
For reference purposes the numerical plant output was set at 100 Mka

(20 percent of a 500 Mka market). This is equivalent to an annual pro-
duction rate of 137 million ce]ls. The yield distribution of cei] ef-
ficiency is taken to be a Beta probabiiity density function with para-
meters 2 and 0.05. Th1S implies an average cell effic1ency of 9.8 percent,
2 percent 1ower than present average efficienc1es. Cell grade silicon

was assumed available at‘$10 (1975) Kg.

- The result of thefcost sensitivity study for the candidate technology
shows that'the required price is most sensitive to yielded cell efficiency,
‘and ion beam sputtered ITO oxide semiconductor solar cells can be manu-
hfactured at prices well within DOE cost goals,

In addition to the cost anaiysis of IT0/S1 solar cell, we have also
calculated the fabrication cost of grating Az-SiOz-p-Si (MIS) solar cells
using polycrystalline and amorphous substrates [2]. Both MIS and SIS
are members of a general ciass of photovo]taic devices'cailed conductor-
1nsu1ator semiconductor (CIS) solar cells [3]. The devices are assumed
to have a conversion eff1c1ency of 12. 9% equal to ‘assumed for JPL "Test
Case" p- n Junction factory

By way of comparison, grating type MIS ‘and generic "C1S" type of
dev1ces were also studied The physica] structure of a poly5111con MIS
so]ar cell is shown ir Fig 8.1. and the ce]] fabrication prULess
sequence for a candidate MIS grating cell factory is shown in-Fig. 8.2.

Compared to p-n Junction fabrication, in the MIS sequence: doping steps
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have been repiaced by thin fi]h deposition and photo1ithography,
processes. The cdrrespondinq direct equipment and materials costs
are indicatedfi Tab]e 8.1 - For the 250 MW factory, direct floor
space requiredehts"fdr.eqdipment in the cell fabrication section is
estimated to be 500 mC. ﬁifect’assemb1y,11he 1abdr'and'utilities
requirements were assumed:to be comparable to those imelded by the
JPL Test Case Value added costs generated by the IPEG formu]a
are tabu]ated in Tab1e 8. 2

For CIS cells, a comparison of the 1 MW and 250 MW CIS va]ue
added costs indicate the substant1a] economics of 'scale anticipated
in scaling up the manufactufing sequenee. Studies by JPL and RCA
indicate the significant cost reductions can be achieved in scaling
production from the 1 MW level to 30'%O-MW? At this level substantial
automation must necessarily have been achieved and cost reductions in
increasing scale beyond 50 MW are less pronounced [4,5].

Figure 8,3, shows the breakdown of costs on a percentage basis for
the 1 MW and 250 MW MIS factory. The clear difterence in the two break-
downs in the reduction of facilities re]ated cost in the 250 MW case.
Capital equipment and labor a]so take a sma]]er fraction of costs with
materials costs filling 1n the d1fference. The dominant reason for the
"per watt" costs redictions tn‘increasﬁng plant size is the increase in
thruput afforded by a h{gﬁ degree of ahtoﬁation This is true for both
the JPL test case ‘and the cand1date MIS factory. Once a certain level of
automation is ach1eved materials rclated costs .become more dominant and
it is in this,regakd that ‘the MIS structure offers some advantage. As
Table 6.2. indicates; materials costs are estimated to be 50% lower for

the MIS factory versus the JPL test case.
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Table 8.1 - L Lo

CAPITAL COSTS AND MATERIALS/SUPPLIES COSTS BREAKDOWN FOR THE FABRICATION
Ae-Si0 -(p S1) SOLAR CELLS (FACTORY OUTPUT - 250 MW PER YEAR) :

Capital . Materials/

; Costs Supplies
PROCESS_ ) . Costs
(millions) (millions)
Etching and back contact 1.0 1.65
Oxidation and alloying 0.1 0.1
Front Metallization 5.5 2.0
Solder dip ) 0.05 - 1.0
Photolithography 2.15 2.0
AR coating 1.0 1.0
Testing 0.02 0.05

TOIAL 9.82 7.8
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Table 8.2.

COMPARISON OF VALUE ADDED CELL FABRICATION COSTS EXPRESSED IN
' 1975 DOLLARS/PEAK WATT

COST ' 250 MW (a)

COMPONENT 1 MY CIS 250 MW CIS JPL TEST CASE
Equipment ~ 0.100 . 0.022 ©0.020
Facilities 0.337 0.002 0.006
Labor 0.332 0.018 0.018
Materials. *  0.026  0.026 0.054
Utilities 0.020 0.001 0.001
TOTAL S 1.124 0.072 0.102 -

(a) JPL cost estimates stated in Ref.[r] reagregated to match IPEG
cost categories.
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Based on the IPEG cost formula, the variation of cell fabrication
cost§ with variation in each of various cost components can be estimated.
The cost sensitivity diagram for thé 250 Mw MIS factory is shown in
Figure 8.4.(These results ére qualitatively similar in the JPL Test Case
~also.) In the diagram,."inverse efficiency" means tﬁat variations with
respect t0'thereciproca1 of device efficiency have been plotted.. Device
efficiency has the most significant effect on."per pgak watt" costs.
Materials costs are the next most significant cost component. Variation in
facilities and utilities related costs have the least effect on cei] fabri-
cation cost. These sensitivity resujts‘indicate most importantly that achiev-
ing high convefsion efficiencies (10 to 15%) is crucial in terms of pro-
ducing so]ér.cells which can be economically competitive with other energy
sources.
With respect to the project cost of complete photovoltaic modules,
the MIS modules are competitive but only slightly lower in cost than the
JPL test case moduels. Although MIS cell fabrication costs are 30% lower
than in the test case, sﬁbstrate and module fabrication costs ére dominant-
items in total panel costs and these aré assumed equal in both ca;es'(see
lable 8,3). Where MIS sfructure may bffer'a.COnsiderahle cost advantage is
with amorphous structures where substrate costs can.be significantly reduced
as discussed below. | " | |
A schematic diagram of the amorpﬁoué MIS‘soTaf cell appears in Fig, 8,5,
The fabrication sequence is similar to that for the po1ysi]ic6n MIS device
with the addition of an'amorphous‘silicqn deposition step. The cost of
amorphous silicon was taken to be $2/kg. To date, émorphous devices have
achieved conversion efficiencies in'the range of 5 to 6% for small active
area devices. In this analysis, a cohvérsidn efficiency of 10% was assumed to

evaluate the economic feasibility of these devices. Devices with conversion
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efficiencies below 10% are severely penalized by area related costs
both directly and in terms of inéta]]ation cost. ‘

Table 8.4. indicates the.breakdown of annualized costs for amorphous
CIS solar cells. Cell fabricetioo value added costs are estimated at
0.09 $(1975) per peakfwatfvversus 0.07 $(1975) per peak watt for the poly-
silicon CIS device; The higher coét for the amorphous cell is due principaf—
ly to the Tower aosumed amorphous dev1ce ef%ieiency The promise for amorphous
devices Ties in the elimination of the sflicon wafer substrate be1ng rep]aoed
by a stab]e metal substrate - typically stainless steel,

Referring to Table 8.3 and 8.4. although reduced conversion efficiency
‘ increaseé cell and module fabrfcatioh costs, fur the amorphouse device a -
. 20% reduction over the JPL test case is projected for totalvpanel cost.
A]thOugh cont1ngent on produc1ng cells of sufficiently high eff1c1ency,
amorphous CIS solar ce]]s may ultimately: prove an. important option in the

photovolta1cs market.
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Table 8.3.

COMPARISON OF SOLAR CELL MODULE COST EXPRESSED IN 1975 DOLLARS/PEAK WATT

250 MW ’ 250 MW .

cis : JPL

Factory Test Case
Wafer/Substrate - - T 18 : .18 -
Cell Fabrication .07 .10
Module Fabrication - S A | . .16

TOTAL A1 o
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Table 8.4.
IPEG COST ESTIMATE FOR a-Si CIS SOLAR CELL MODULE

COST CATEGORY VALUE ADDED COST $(1975)/upk

SUBSTRATE e X

CELL FABRICATION: _
Equipment 0,033

Facilities ' 0.002

Labor ‘ 0.072

Material ’ 0.025

Utilities . 0.006

SUBTOTAL _ 0.09
MODULE FABRICATION - ' 0.19°

TOTAL | 0.30
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9. CONCLUSIONS

d As a result of this study, the following conclusions could be
rawn:

1. Intragrain transport properties as much as grain boundary re- .
combination and conduction barriers, limit the bulk transport
properties of the substrate and reduce solar cell efficiency.
Passivating these defects is just as important as grain boundary
passivation in fabrication effjcient cells on defected material.

2. Efficient large area solar cells of indium tin oxide on poly-
crystalline silicon can be répeatably fabricated using ion beam
sputter deposition ITO on silicon. Efficiencies approaching 14%
on 20 sq/ cm. devices were obtained on Wacker polycrystalling
silicoan. The major limitation on efficiency was open circuit
voltage values which remained below 550 mV. Improvements in this
parameter would allow efficiencies that would exceed those at-
tained with p-n junctions.

3. The interfacial layer consists of silicon dioxide, after a 3 or 4
Angstrom transition layer. It does not appear that the interfacial
layer is significantly pinholded and, based upon thermal aging and
other studies, seems to be reproducible and exhibit no major en-
hanced degradation. However, thickness undulations in the oxide
could lead to distributions of Schottky like and SIS 1ike regions in
a typical cell.

4) The use of an automated test system and automatic network analyzer
provide detailed analysis of doping profiles and interface state
densitites which-are useful in analyzing process variations in
device fabrication.

5) The noise spectrai density test shows promise-as a reliability pre-
dictor and also in detecting devices with particular types of defects.

_6) Large area efficient devices do not exhibit maJor generat1on recombina-
tion currents nor edge leakage effects.

7) Indium supply will not impede the 1mp1ementat1on of ITO based cells
for large scale terrestrial applications.

8) Sputter deposited ITO solar cells are economically viable alternatives
to p-n Junctions for large scale terrestrial applicatons.

9) Data obtained on a variety of substrates indicates that the low
‘temperature, low energy sputter deposited ITO devices may have per-
formance advantages over p-n Junct1on cells for highly defected
polycrystalline substrates.

10) In-Situ etching, hydrogen annealing in the ion beam, and surface
- etching and milling techniques can significantly improve solar ce11
eff1c1enc1es on po]ycrysta111ne substrates.
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At this time a number of factors relating to.commercia]
viability of the technology, which were only surmised at the beginning
of the program, appear clear. Given the area rg]ated substrate,
éncapsu]ation, interconnection, and panel area elements of photo-
voltaic modules, the junction formation step occupies a significant
but not dominant place in cell fabnication economics. The dominant
factor in the viability of a given technclogy lies in the ability to
fabricate efficient devices on low-cost and highly defected substrates.
For a given substrate cost and quality,,when one trades off vacuum
processing of ITO cells with reducéd'meta1ization, encapsulation and anti-
reflection coating requirments, effieiency.yié]dtandjlong term
stability become the deciding factors.

In ITO.based systems,<particuldn1y using ion beam sputtering, the
efficiency on polycrystalline substrates is presently competitive with
p-n junctions and in highly defected materials may prove superior.

Indeed, ITO sputtered deposited junctions utilize lower tempenatures

than diffusional based processes and lower energy than pulse nrocesses

such as ion imp]antation. These low temperatures and low energy processes
could prove advantageous and even necessary on highly defected polycrystalline
substrates for silicon and other advanced material.

It is Worth noting that the efficiencies quoted in tnis report and
the devices evaluated were not made under stringent clean room conditions.
The target appeared mottled and black and was assayed at a pnrity less
than 99%. The in-situ sputter etch provided én atomically clean surface
which made the overall process re]ative]ylinsenéitive to prefabricatibn
cleaning. In that regard, the sputter deposition process, wherein the

substrate is etched, the interfacial oxide grown and the ITO deposited

during the same pump-down underline the potential- for fabrication under

tonsiderab]yﬂless’stringent cleanliness, with associated reduction in - Co

1
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costs, than usually required for solar cells and other semiconductor
devices. o

A critical finding qf thjs.prqgram=wés that the efficiency-exA
hibited by small devices can be readily scaled to larger area cells,

The questions still remaining pertéin'to Tong term stability and‘reproduei-

' b111ty In the former case, the quest1on arises as to whether stab111ty
measurements on unencapsu]ated ce]]s w111 be a good measure of f1e1d
surv1vab111ty A reason for this quest1on is that a maJor fa1]ure '
mode of present day cells is corros{en under d} around a cdntaef pad
or metal grid line and not intrinsf;‘fqilure of the Junc;1on_1tse1f.

The encapsulation slows down or}eliminates this particular fai]ure mode,
The question of reproducibility needs to be answered in a prototype pro-
duction line environement. While a contmnuous sputtering system of the{
type offered by Leybold Hareaus may not be required, a planetary cassette
fixtured system capable of producing fen or more wafers in a given pump
down is required to develop a statistical base upon which projections
may be made. Also, if this effort is undertaken, and our cell perforinance
on large area substrates and economic studies indicate that it would be
warranted, then it should be accompanied by the assembly of one or more
panels so that encapsulated cells can be field tested and compared to
comparable first generation cells obtained in early LSA purchases. This
would seem a more reasonable cdmparison of ITO based devicee than comparing
initial panels based on ITO cells with third and fourth generation pen
junction panels from which the extrinsic and perhaps other degradation
modes have been engineered out.

During. the course of this investigation we corresponded extensively
with our colleagues who are fabricating MIS and SIS cells using a Qariety
of technologies. A common thread seemingly exists between all of

these devices. In that regard, the concept of a conductor-insulator-
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semiconductor (CIS) cell was developed. The properties'of CIS cells
were reviewed by a member of our group in collaboration with other
researchers. These investigations and discussions conclude that CIS
devices in general, and ITO sputter deposited devices in particular,
presently rema1n viable alternatives to p-n junctions formed thermally
or w1th pu]se proce551ng As a resu1t of this research program, a
comprehens1ve understand1ng of ITO/S1]1con so]ar ce]]s was obtained.
This understand1ng was used to improve the quality of the Junct1on and
of completed solar ce]]s so that efficiencies competitive w1th p-n
junctions on large area could be fabricated with a degree of repeat-
abiiity. There were no fundamental limitations uncovered which would
preé]ude the use of ITO in large scale terrestrial photovoltaic systéms;
While certain questions of device optimization, antireflection coatings,
and reproducibility still remain; the time is near whén a test of

these devices simulating prodﬁction line and field conditions will be

warranted.
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