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OBJECTIVES

Task 1 of this project involves electron-beam deposition of thin silicon
films on low cost substrates. The goal is to obtain 20 um thick films having
20 um diameter crystallites which may be recrystallized to > 40 ﬁm. Material
characterization and device studies are to be included in efforts to reach
a 6% conversion efficiency by March 1981.

The second task deals with MIS solar cell fabrication on various types of
silicon including poly-Si, ribbon-Si, silicon on ceramic, and thin film silicon.
Conduction mechanism studies, optimum engineering design, and modification of
the fabrication process are to be used to achieve 13% efficiency on Xtal=Si
and 11% efficiency on poly-Si.

Task 3 involves more detailed test procedures and includes spectral re-
sponse, interface qnd grain boundary effects, computer analysis, materials
studies, and grain boundary passivation. Stability and degradation studies
will be performed as part of Task 4.

NOTE

ANY OPINIONS, FINDINGS, CONCLUSIONS, OR RECOMMENDATIONS IN THIS PURLTICATTON
ARE THOSE OF THE AUTHOR AND DO NOT NECESSARILY REFLECT THE VIEW OF THE
DEPARTMENT OF ENERGY.
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1. SUMMARY

Thin (10-30 ym) Si films are deposited on Si substrates by electron beam
deposition. The substrates are held at 500-600° C during deposition in a
vacuum of about 5 x 10'5 Torr and a rate of about 1 ym/min. Depositions on
(100), (111) and Wacker poly-Si show the film to replicate the substrate
when it comes to surface features and X-ray diffraction data. The new Ti
pump chamber gives a factor of 10 improvement in vacuum. A-new crucible
design was introduced to eliminate certain impurities from the Si film. The
results of this step are yet to bg seen.

Electrical characterization of the e-beam Si films is being done by
spreading resistance measurement and evaluation of MIS diodes. Ln (I)-V data

give a linear plot but a high n-factor. -%—V'data give two straight line

' C 4
sections which must be evaluated. Photovoltaic response shows Jscmax = 1.5
mA and V = 125 mV. This low photovoltaic response may be caused by

cm2 ocmax

1) impurities, 2) a dead layer between substrate and film, or 3) high
defect density in the film. These possibilities are being investigated. We
are also evaluating all previous work on grain boundary models to aid in

deriving a model which fits our experimental data.

MIS cell fabrication has involved the use of a new mask which gives
4 cm2 cells with 7% grid shading. Cells have been made on Wacker poly-Si
and Monsanto Xtal-Si, both of which were polished in our laboratory. An
effort is being made to improve etching and polishing techniques.

MIS analysis centers on I-V-T, G-V-f and C-V-f studies of grain bound-.
aries. G-V-T data do not give consistant trends for evaluating grain bound-
aries. C-V-T and G-V-I show some significant grain boundary effécts in a
frequency range from 5 Hz - 50 Hz. This indicates that grain boundary inter-
face states predominate from d.c. to about 100 Hz. A quantitative evalua-
tion will be given in the next report.

Reliability studies continue on Cr-MIS cells under shelf-1ife, light
bias and out-of-doors conditions. Good stability is shown for the first
two situations. A rapid degradation in the grid contact is shown in the
out-of-doors study. A new grid design is being evaluated to remedy the
situation. An evaluation of the quality of the D.I. H20 used in wafer

cleaning is.being conducted to 1) improve on'Vo

c and 2) to eliminate the

trend towards reduced Voc with time.

1



2. INTRODUCTION

This project is undertaken to develop a low-cost, thin-film, MIS - -
solar cell which will eventual]y‘se11 for < 50¢/watt. This MIS process
is being optimized for single crystal silicon and poly-Si prior to
application to thin-film Si. Th1s‘1nv01ves fabrication, grain boundary
effects, and reiiabi1ity studies. Thin Si films are e-beam deposited :
on Si, stainless steel, Ti, and glass substrates to evaluate the potential
for future use as a low-cost semiconductor. It is our intent to combine
the optimized MIS process with the thin e-beam Si film to produce a 1ow-
cost vacuum process to fabr1cate so]ar cells. '

Our studies during this reporting period involve most of these areas
of interest. The e-beam Si deposition work has concentrated on the use E
of different Si substrates, SEM analysis, X-ray d1ffract1on and some
electrical characterization. Some samples have been sent out for SIMS
analysis and an evaluation of defect density as well as crysta111n1ty.
An evaluation of all prev1ous studies on grain boundary mechanisms is
being made to aid in comparing theoretical and experimental data con-
cerning conduction mechanisms.; A new grid design is now in use which
gives about 7% shading. We now can make cells with several areas includ-
2 and 4 cmz on a single wafer. I-V-T analysis have been con- = :
ducted to evaluate grain boundary conduction mechanisms. C-V-f and G-V-f

ing 2 cm

3
k8

data are also used to evaluate grain boundary effects. Reliability.
studies continue with the main emphasis on preparing new cells for study.



3. THIN FILM SILICON DEPOSITION AND ANALYSIS

3-1. Thin Film Silicon Deposition and Surface~Ana1ysis (M Jackson)

'

E]ectron beam dep051t1on of s111con onto a varlety of substrates contin—
ued this quarter. The work on sta1n1ess stee] .Substrates, reported in the
1ast quarter, has been suspended in favor of- us1ng Tow resistivity, crystalline
si]1con substrates The strategy is to. opt1m1ze the deposition parameters
so that a crystalline 5111con film is obta1ned on these substrates. Once
this goal, is achieved, less expensive substrates such as metallurgical grade
: s111con or metals may be utilized. U]tlmate]y, a highly crystalline silicon
f11m or an 1nexpen51ve substrate is des1red for use in low cost solar cells.

A SIMS analysis‘was performed on a si]icpn fi1m on si]icon substrate
samp]e 'The results are listed in Table 1. Carbon and copper were the
maJor 1mpur1ties with concentrations in excess of one part per hundred. These
results led to the fol]ow1ng changes in the e- -beam deposition unit.

Table 1 |
SIMS ANALYSIS OF E-BEAM
""" SILICON PRIOR TO RE-DESIGN OF THE SYSTEM

Element - .. SIMS Data I Impurity (ppm)
Bt o 1ax 0 emd 2.2
c o 0 53 x 1020 | 10,600
1 < : -
Na 5.2 x 10V 10.4
Mg - 2.2 x 107 4.4
Al 2.3 x 107 4.6
c1 _ < -

K 106 | 0.2
Ti 2.4 x 10'° 0.05
cr 21 x107 4.2
Fe 3.4 x 10"/ 6.8
Ni | 3.9 x 107 7.8
Y 2 x 10'° 0.04
2r 1.9 x 10"/ 3.8
Cu 5.1 x 1020 10,200



A new copper crucible was designed with an inch and a quarter diameter.
The o1d crucible had a diameter of seven-eights of an inch. It is felt that
the e-beam had contacted the sides of the old)crucible and this led to copper
contamination of the silicon source. Backstreaming of oil vapor from the mechan-
ical pump was considered to be the source of the carbon. A coaxial trap was
placed in the foreline to eliminate any oil vapors. In an effort to remove
the other impurities, the screws used to hold the substrates to-the substrate
heater where replaced with #304 stainless steel screws. Two quartz heater
lamps, used for baking out the chamber, were removed. An exterior heating
system is being considered.

A titanium sublimation pump was added to the system. A drop in the base
pressufe of the system from 5 x ]0'6 Torr to 8 x 10'7 Torr was observed.
Deposition now takes place at a pressure of 5 x 1076 Torr as opposed to
1 x 10'5 Torr prior to adding the Ti-sublimation pump. Next quarters report
should contain a SIMS analysis of a sample made after the above changes were
implemented.

This quarter's runs are summarized in Table 2. The majority of the
samples prepared were silicon films on (111) silicon substrates. The sub-
strates were unpolished or polished. The surface features and crystallinity
of these films were discussed in last quaters's report. Suffice it to say,
that the films duplicated the surface structure of the substrate and oriented
themselves in the (111) direction. Repeated success using the (111) sub-
strates led to the use of polished (100) single crystal and Wacker polycrystal-
Tine s1l1con substrates. Figure 1 shows SEM micrographs of the films obtained
on (100) silicon and the Wacker poly. Once again, the replication of the sub-
strate surface is obvious. Figures 2 and 3 show X-ray ana]ysfs of the two
films. Again the film structure contains crystals having the same preferred
orientation as the substrate. No grain boundaries are evident under the SEM,
but more work needs to be done to determine the actual size of the film's
crystallites. One should be aware that the X-ray analysis for the Wacker
pq]y silicon film is highly position dependent. The peaks on the X-ray an-
alysis will change (grow or shrink) in response to position changes of the
sample in the X-ray beam.

In conclusion, the e-beam deposited thin films take on the surface features
of thé underlying SubStrate. The crystal orientation of the film appears to be
‘the same as that of the underlying substrate. The size of the crystallites in
the film has yet to be determined, but the SEM micrographs do not show any

4
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Figure 1A SEM micrograph (100X) showing an
e-beam Si film on a Wacker Si
substrate. Replication of the
substrate is obvious

Figure 1B SEM micrograph (1500X) showing
whisker-Tike columnar growth
at the edge of a Si substrate
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Figure ¢ X-ray data for an e-beam Si fi'm
on a (100) Si substrate
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Figure 3 X-ray data for an e-beam Si film
on a Wacker Si substrate -
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cracks or grain boundaries. Next quarters work should shed some Tight on
this question.

- Table 2
SUMMARY OF E-BEAM DEPOSITIONS

Substrate ~ Film Average*
- Vacuum -Temperature Thickness - Deposition Rate
Date (Tqrrl (°C). (um) , (um/min)
9/30/80 8x10°® 545 7 0.25
10/10/80  8x107° 550. 12 . . 0.55
11/6/80 7x107® 550 17 " 0.85
11/13/80  sx107® 525 7 0.47
-6

11/25/80 5x10 500 25 1.25

* Average Rate is film thickness divided by total deposition time. Initial
deposition rates are usually very low, hence rates above 1 um/min have
been regularly observed.



3-2 Thin Film Silicon Electrical Studies (F. Kai)

Electron-beam deposited po]ycrysta]lihe silicqn.MIS diodes have been
tested by "Current-Voltage" (I-V) and "Capacitance-Voltage" (C-V) measure-
ments. The I-V measurements are studied to determine the "barrier height"
o and fhe ideality factor, "n" Va]ue.' From éh I-V test we can also study
the "series resistance" and "shunt resistance" effects. In this study

_three classes of I-V curves have been plotted: (1) under dark forward bias,
(2) underzlight forward bias, (3) under dark reverse bias. ?6}‘the,s1ng1e‘

-crysta1-si1icon Schottky-barrier or thin-oxide MIS diodes, a plot of’VC'2
versus V can determine the doping, NA’ of the device. If NA is constant
throughout the depletion region, the curve should be a straight line. A -
study of the doping profile in thin film silicon and substrate is made
possible by the 1c=2 ersus V" plot. ‘ -

The I-V characteristic of the electron-beam deposited thin-fiim siti-
con on p-type silicon is plotted in Figure 4. The ideality factor is
4.,24. The barrier height is calculated from the plot to be 0.683 eV. The
dark log J-V characteristics do not show serious series reststance effects. -
The light J-V characteristics also do not show series resistance effects.
2 which is
a very high value. The dark reverse-biased plot shows a large reverse
current. This may be due to a high trap density distribution.

The dark current at zero-bias is extrapolated to be 10'2 mA/cm

The C-V plot for this sample is shown in Figure 5. There are three
regions shown in the curve:

(i) small forward-biased region

(ii) small reverse-biased region
(iii) Targe reverse-biased region.

The results indicate that there are different doping (impurity and trap)
concentrations throughout the sample. It has previously been pointed out
herein from X-ray analysis, that the thin film silicon deposited by e-beam
grows in the same orientation -as the silicon substrate. The doping con-
centrations in the film and the substrate are different. The substrate-
film interface may result in a layer of deep traps.

The curve shape for.the forward bias applied in (i) is close to the
approximation of a Schottky barrier with uniform negative charge density
equal to the acceptor density Np: The small reverse bias applied in (ii)

9 .
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shows a steeper slope. The actual mechanism of this region is not clear now.
It may represent a "transition region."

The large hegativefbias is apbiied in (iii) with a smaller slope in
the absolute value sense. The spacé-charge region contains both the ac-
ceptors and the émpty hole traps which are enhanced by‘the large reverée .
bias. The film-substrate interface forms a p-p+ junction. The total
capaciténce C measured is composed by three capacitance:

1.1 1 1
=== + +
¢ Ci Csc] -Cscz,
where
Ci = jnsulator layer capacitance
Csc = gpace=-charge capacitance due to oxide-film interface
1
C,é = space-charge capacitance due to fiim-substrate interface.
°-2

The energy band diagram is shown below in Figure 6.

] p+
pt
V) EC
t |
|
Vot £
~~~~~~ Lo = = — = ==
E v {{A E
77777 ) v
. W,
Film Bulk
metal
= acceptors

® hole traps

Figure 6 Band diagram which may explain C-V
data for a MIS device using an
e-beam Si on Si substrate
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The I-V and C-V.measurements of the e-beam deposited polycrystalline:
thin-film diode can be used as a tool to analyze the doping and trap density‘.
distributions throughout the sample and the current-conduction mechanisms
as well. The I-V plot obeys an éxponeﬁtiai'1aw. This can bé'studied further
to understand the "space-charge limited current" contribution to the device.
From C-V measurement, the effect of "deep traps" and. the fi1m-§ubstrate inter-
face trap densities can be analysed. In the next report, more experimental
work and theory will be developed. Abpendix A contains a condensed analysis
of some previous work on grain boundary effects in poly-silicon. The next
report will finish this survey and outline new directions for a model Which
fits our experimenta] data on small grain poly-silicon.

13



4, Cr-MIS SOLAR CELL FABRICATION

4-1 Device Processing Techniques (G. Rajeswaran)

The Cr-MIS solar cell is considered to be a structural design that would
ultimately produce a > 10% efficient device on thin film polycrysta111ne
silicon. We have ‘previously reported[ ] a revised processing scheme to in-
crease eff1c1ency and reproducibility in Cr-MIS cells. Such a processing
technique was shown to be applicable to various types of potentially low
cost silicon substrates.[z] In this report; we discuss these device proces-
sing techniques and the modifications that were introduced to ‘make repro-
ducible cells. -

The Cr-MIS cel1 1s normally fahricated using the structure 710 K si0
A/R coating/Al §rid/60 R Cu conductive layer/30 R Qr/ZO A SiOx/petype sili-
con/Al ohmic contact. The top metallic layers and the A/K coating are
deposited in a .one pump-down process after the silicon surface is cleaned
and oxidized. It is imperative that the silicon surface be extremely clean
before oxidation. All our processing variations were introduced at this
stage of fabrication.

a) Planar Etch (P.E.)

MIS devices are surface oriented devices. The nature and quaTity of
these surfaces play an important role in shaping the characteristics of
these devices. The rougher the surface, the highér is the density of
surface states and poorer the quality of the device. A planar etch that
would react with all crystal orientations at the same rate is\nécessary to
conform with a single processing technique that deals with all types of
silicon substrates. A mixture of 75% HNO,, 17% CH COOH and 8% HF serves
this prupose. (3] A treatment of th1s planar etch on any type of silicon
substrate for approximately -one hour produces an uniform, polished surface.-[ZJ
The volume ratio of the constituents acutely governs the accuraty of the
planar etch. A véry smal] variation from a 75:17:8 ratio results in a
preferential rate of etch on different crystal orientations, causing etch
.pits. As an initial step in the fabrication sequence, all unpolished
silicon substrates were treated with the planar etch solution for an hour.
This step was omitted on mechanically polished silicon wafers obtained from
the manufacturer. Agitation of the planar etch solution produced uneven

14



surfaces, whereas, a free standing planar etch solution resulted in a high
degree of polish on one side of the wafer and striations on the other.

The metal-insulator-semiconductor (MIS) junctions were formed on the
smooth, glossy side of the silicon wafers and the aluminum (A1) back con-
tacts made on the striated, coarser side.

b) One Cleaning, One Oxide Process. (00)

In the 00 process, the silicon wafers are degreased'and treated with
deionized (DI) water. The: thin .native oxide is stripped by immersion in
hydrofluoric acid (HF), washed in DI -water, blown dry in a stream of dry
Nitrogen (N2) and immediately placed in a vacuum system and pumped down.
The back aluminum contact is then evaporatéd on the coarser side of the
wafers. A near-perfect ohmic. contact.is made by sintering the samples in
a muffle furnace at 600° C in.air. This produces a thin oxide (~ 20-25 R)
on the front surface at théﬂsame'timé. On cooling, the samples are re-
mounted in the vacuum system-and the top metallic layers and the anti-
reflection coatind,are evaporated consecutively in a one pump-down process
at a pressure of 1 x 107° Torr.

This process was frequently used in.our earlier investigations. The
_ results were never consistent-and the photovoltaic data scattered. The
contamination of the front surface, when removed from high vacuum, for the
purpose of back contact sintering, was a prime suspect for this random
device behaviour. The one cleaning, one oxide process was abandoned and

a double cleaning, double oxide process was introduced.

c) -~ Double Cleaning, Doublg Oxide Process (DD)

- The back contact is sintered at 600° C and a thin oxide grown on the
front surface simultaneously,using the one cleaning, one oxide process.
To counter the contention that the front surface is contaminated prior to
ohmic contact formation, this surface has to be cleaned again in HF with-
out destroying the aluminum on the back. By spreading a layer of photo-
resist on the Al and by cur{ng.it, the back contact can be protected from
further cleaning steps. The front surface is then cleaned in a DI, HF,
DI cycle without exposure to air. Next, the photoresist is removed with
acetone, and the wafer washed thoroughly in a DI water stream, blown dry

15



in dry nitrogen and the thin oxide regrown in the muffle furnace at 580° C.
In cooling, the wafer is remounted in a vacuum system, pumped down and the
top layers evaporated. A

The DD process of fabrication resulted in consistent photovoltaic data
on similar substrates and even an increased efficiency.[l]

d) Double Cleaning, One Oxide Process (DO)

The back aluminum contact is sintered twice in the DD process. The
double cleaning, one oxide process eliminates the first sintering while
otherwise maintaining the same fabrication sequence as the DD process.

The advantage of the DO process over the other two ié that'the elegance
of the DD process is preserved while eliminating a fabrication step at the
same time. ‘

4-2 Summary of Photovoltaic Data (G. Rajeswaran)

A summary of solar cell photovoltaic data from a study conducted on sub-
strates of varying resistivites is given in Table 3. For comparison, the
data from a Wacker-Chemitronic polycrystalline silicon solar cell is also
shown.

The lower the resistivity of the substrate, the lower the lifetime
of the minority carriers and hence a smaller short circuit current (JSC)
results. The series resistance (RS) is lower on the ather hand and con-
tributes to a higher fill factor. With increasing resistivity, Jsc in-
creases and the fill factor drops. The anomalous case of smaller Jee ON
the cell made on 8-15 Q-cm substrate is due to a bad anti-reflection coat-
ing and a diffused grid pattern which reduces the active area of solar in-
solation. We have seen in our previous investigations that a resistivity
of between 1 g-cm and 5 Q-cm results in an optimum efficiency solar cell.
The substrates of the class (1-4 q-cm) consistently exhibited higher ef-
ficiencies than the other resistivities. Nevertheless, i1t was observed
that these so called higher efficiencies are always < 10%, which Ted us to
the conlusion that the quality of the silicon substrates was questionable.

Spectral response studies on the cells of Table 3 and on some other
cells are shown in Table 4. At long wavelengths, the ratio .of spectral
responses approximately correspond to ratios of diffusion 1engths.[2’4]
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Table 3

SUMMARY OF SOLAR CELL PHOTOVOLTAIC DATA

*%

RESISTIVITY Vo Jee rp. _EFFICIENCY n%
SUBSTRATE o-em v nh/cn? ACTIVE TOTAL PROCESSING
' . AREA  AREA

MONSANTO <100> 0.05-0.15 0.58 17.0 0.75 7.4 6.1 P.E., DD Process (600° C)
MONSANTO <100> 1-4 0.57 23.0 0.71 9.2 7.7 P.E., DD Process (600° C)”
MONSANTO <100>: 8-15 0.53 19.0 0.67 6.8 5.6 P.E., DD Process (600° C)
WACKER POLY 1-10 0.53 '21.0 0.72 8.0 6.6  P.E., DD Process (600° C)"
WACKER POLY 1-10 0.52 25.5 0.63 8.2 6.9  P.E., DD Process (590° C)

* Temperature'at which oxide is grown

**.  Based on NASA-Lewis calibration and

Active area

"Total area

2.0 cm2
2

2.42 cm -

using ELH Tamp @ 100 mw/cmz



Table 4

DIFFUSION LENGTH DATA

oL Relative Djffusion
Substrate Res;§2;v1ty Re??gnig at L?Sggh
STANDARD p-n - 0.3382 184
MONSANTO <100> 0.05-0.15 0.0471 - 26
MONSANTO <100> 1-4 0.1568 85
MONSANTU <100> 8-15 0.2567 140
MONSANTO <100> > 5  0.2164 118
WACKER POLY 1-10 0.1582 86

Using this fact, and a calibrated silicon solar cell, it is found that the
diffusion length of single crystal silicon of optimum resistivities

(1-4 @-cm) is 85 ym. This is of the same order as Wacker polycrystalline
silicon. This is indicative of the bad quality of Xtal silicon used in

our recent fabrication studies. Figure 7 shows the spectral response curves
as a function of substrate resistivities. As anticipated, the diffusion
length of minority carriers increases from lTow to high resisitivity substrates.

Series resistance is an important parameter in solar cell design and
fabrication. It is a power dissipating 1’actor'[5:I and the maximum achievable
output power of a solar cell is decreased. This effect can be seen in the
"softening" of its current-voltage characteristic in the fourth quadrant.
The series resistance in a Cr-MIS solar cell arises from the contribution of
the top metal layers and the grid (RG) and also the semiconductor base
resistance (RB). R the contribution of the metallic layers and the grid
metal, can be minimized by an optimum grid design. Smaller finger widths
and increasing distances of separation between them will reduce the grid

“shading loss but the minority carriers will have to flow a longer distance
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to the current collecting fingers. Evidently, there is an optimum spacing
for a maximum short circuit current and minimum front layer resistance.

A vacuum dep051ted 3000 A layer of aluminum has a sheet resistance of
1.56 @/[]1. 30 A Cr/60 A Cu 1ayers have an average sheet resistance of
50 @/[]. A new grid was des1gned[ ] with a grid finger width of 0.1 mm
and the spacing between the fingers being 1.67 mm. There were two Targe
area cells, the largest being 4.cm2, and many small test diodes ‘and cells
with different solar (active) ahd dark areas. Figure 8 shows the Cr/Cu
metal mask (actual size) with different area openings,. the grid-contact mask
for different areas and the antireflection coating mask. Table‘5 summarizes
the data on the diodes and cells of various areas.

The grid mask was fabricated on a thin molybdenum sheet by a photo-
lithographic procéss following by chemical etching. Care was taken in the
design to account for undercut and side etching at grid fingers. The Cr/Cu
mask and the A/R mask were made on thin brass (2 mils).

Table 6 summarizes the preliminary data on solar ceils fabricated with
the new mask. A higher Jsc on all devices comparable to those in Table 3
indicates a lower shadow loss. The fill factor is consistently smaller on
4 cm2 cells than on 2 cm2 cells. The equation governing the operation of a

. solar cell as given by (RSh > )

- AT _,

: ‘ q(V+I.p—R.)

=9 - J, [expl—riz>—} -1] 4-1
where

Rs’ the series resistance = Rg + RB ' 4.2

Rg = 0.212 o for a 24 line structure, as in 4 cm2 cell
RB = 0.497 @ for a 12 1ine structure, as in 2 cm2 cell
and
RG = resistance due to the grid and Cr/Cu layers
Rg = semiconductor resistance = E%ﬂ ‘ 4-3

and H = thickness of the wafer, A = the area of the cell and pg = resistivity
of silicon. ‘
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Figure 8a New Cu/Cr mask.

Figure 8b New grid mask.

Figure 8c New A/R mask.
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Table 5

NEW MASK DATA

CELL safh i SHADING GRID CONTRIBUTION
IDENTIFIER Ar-Ag NO. OF T0
ACTIVE A_ TOTAL A x 100 SERIES RESISTANCE
5 T A FINGERS o
(%)
LARGEST 3.68 4.0 8.0 24 0.212
LARGE 2.0 2.12 5.65 12 0.49
R5. L5 0.1856 0.2 7.2 g §
R4, L4 0.1356  0.15 9.6 2 5
R3, L3 0.0856 0.1 14.4 3 i
R2, L2 0.0656  0.08 18 % 1
R1, LI 0.0336  0.04 16 i 3

Grid finger width = 0.1 mm
Spacing between fingers = 1 _A7 mm

For solar cells of two different areas made with the same processing at
the same time, the (I . %I-. RS) drop is higher for larger cells than for smaller
ones, resulting in a slightly smaller fill factor for large area cells.

RG of large area cells can be reduced by increasing the thickness of grid
metal deposition or by replacing it with a higher conductivity metal grid.
It is significant to comment on the (High Quality) Monsanto wafer shown in
Table 6. This substrate gave a much better Voc and Jsc than the others

(Voc = 0.59 V and JSC = 26-27 mA/cmz). These are due to 1) a highly pol-
ished surface which reduces surface state density and 2) improved diffusion
length. Illuminated I-V data for cells on this wafer are shown in Figure 9.
Thicker grid metal will increase fill factor in future samples.

22



PHOTOVO_TAIC DATA ON LARGE-TO-SMALL -AREA

Table 6

CELLS (NEW GRID)

EFFICIENCY n%

o RESISTIVITY 2 v w
SUBSTRATE AREA (zm”) oc  Jge FF . PROCESSING |
(-cm) W) (mAed) ACTIVE  TOTAL
ACTIVE TOTAL
T .
MONSANTO <100>  0.05.0:75  3-68 4.0 0.5 21.7 0.68 7. 6.8 P.E., DO Process (580° C)
: 2.0  2.12 0.50  20.5 0.70 7. 6.8
MONSANTO <] 00> ] .5_2 3.68 4.0 0.59 .‘ 26.1 0.62 9. 8.9 .
. ) 2. 2.12 0.5 27. 0. g . 0°
(High Quality) 0 0.59 0 0‘66 10 s 10 0*** DO Process (600° C)
0.14 0.15 0.58  18.4 0.76 8. 7.3
3.68 4.0 0.5 245 0.60 7. 7.2 A .
MONSANTO <100> > 5 2.0 2.2 0.54  26.0 0.61 8.5 8.1 DO Process (580° ¢)*
0.14 015 0.5  19.2  0.51 527 47"

*

*k

* ¥k

€¢

Temperature at which oxide is grown
Based on NASA-Lewis calibration and using

Ne anti-reflection coating

ELH Tamp @ 100'mw/cm2



In future cells, a high efficiency will be achieved by
1) Better polishing techniques to give Vo = 0.59 V.
2)- Better -grid performance using a solder dip to give FF = 0.75.

" 3) ImprbVede/R coating to give ch = 30 mA/cmz.

t

.;};Voltage (volts)

0. .. 0.2
]QL.
N/‘\
g
~ 20
L
E
.
Fe)
=
=
A
= 30t
= 2
@ a-~A - 3.68 cm
| & S 2
5 b-A =2.0cm
c-A =0.14 cm

Figure 9 Photovoltaic I-V data comparing

4 cmz, 2 cm® and small area cells
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5. ANALYSIS OF MIS SOLAR CELLS

~

5-1 Grain Boundary Studies by C-V-F and G-V-f (V. J. Rao) =

In the course of our investigations on po]ycrystalline¢SiEMIS,sbiar cells,
we have undertaken the work on C-V, G-V, -G/f - f measurements of pblyckystal-
1ine MIS diodes in ordef to evaluate the grain-boundary effettg bn interface
states. To date, neither theoretical nor experimental data are available on
C-V measurements of grain boundaries in polycrystalline silicon solar cells.

The determination of the density of states distribution in the grain
boundaries of polycrystalline silicon.is very useful in developing our under-
standing of the physical properties of the material and in;particu1ar of
the role of grain boundaries. Capacitance-voltage ahdtconductanéeévoltage
measurements on Schottky diodes appear to be a promising technique for ‘the
determination of density of states. The purpose of this work is to explore
the frequency dependence of both the conductance and capa;itapcé of Schottky
devices in order #o deduce the depletion width and density of étafes:ih the
region of the Fermi level and below. If the frequency dependence is measured
and analysed with and without externally applied dc voltage, as is the case
for most of the present work, very useful data could be obtained-about the
role of grain boundary effects. | |

The electrical properties of interface states are characterized by inter-
face state density, the position in the enéfgy gap of the silicon and the
capture cross section. The most widely used tool for investigating these
interface state properties is the MIS diode. Dispersion of the capacitance
can be used to obtain information about the energy distribution and density of
interface States.[g] The capacitance technique, however, has severe limiations.
Eséential]y, the difficulty is that interface state capacitance must be
extracted from measured capacitance which consists of oxide capacitance,
depletion layer capacitance and interface state capacitance. This dif-
ficulty does not apply to the equiva]ent parallel conductance because
conductance arises solely from the steady state 1oss:due.to the capture
and emission of carriers by interface states and. is thus a more direct
measure of these probérties. Conductance measurements yield more accurate
and reliable results particularly when the density of interface states
is low as in the thermally oxidized system. Both the capacitance and
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equivalent parallel conductance as functions of voltage and frequency contain
identical information about interface states. Greater inaccuracies arise in
extracting this information from the capacitance.

In order to evaluate MIS measurements with regard to interface states,
it is desirable to have one dimensional current flow perpendicular to the
interface. This condition may not apply when the silicon underneath the
field plate and beyond is inverted. Then the capacitance and conductance
are dominated by the lateral a.c. current-flow. Because of the positive
polarity of surface charge, p-type silicon is normally inverted and is there-
fore most easily investigated in the inversion region.

A study of grain boundary effects is made using a wafer of Hamco poly-
silicon having very large grains. A comparison in data is made for a small
diode having a single grain boundary and another small diode of the same
area with no graiﬁ boundary. A sketch showing diodes and grain boundary
Tocation for this study is given in Figure 10. Measurements of capacitance
C (f, V) and conductance G (f, V) as a function of frequency are made using
the in phase and quadrature components from a PAR 5204 lock-in-amplifier,
Modulation voltage remained at 25 mV peak to peak. An operational pre-
amplifier to combine a.c. and d.c. components, facilitated measurements
of C (f, V) and G (f, V) under bias. During the measurements, the sample
remained at room temperature in air. The system set-up to measure capaci-
tance and conductance was previously given[7] (Figure 11). Standard glass
capacitors are used to calibrate the lock-in-amplifier.

Figures 12 and 13 show the C(f, V) curves for diodes on the grain (R3)
and grain boundary (L,) at various frequencies (20 H, <f< 5000 H ). A
description of the main features of the curves will be presented. Signific-
ant changes in C-V and G-V data are noted when comparing diodes with and
without grain boundaries. One significant feature is the nature of the
capacitance-voltage characteristics in the voltage range where the semicon-
ductor surface is inverted. The specific features which deserve reference
are 1) the 20 H, and 50 H, curves in case of a diode on the grain exhibit
an increase in the capacitance when the top contact is reverse biased while
Lhe diode on the grain boundary shows a decrease in capacitance and becomes
saturated. It appears in case of R3 that the signal frequency is low enough
so that the minority carriers within the inversion region become mobile and
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MEASURED CAPACITANCE (F)
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would follow the variations of the measurement signal and contribute to the
capacitance in an additive manner to the space charge capacitance which
therefore will be higher than in the high frequency case. Accordingly, with
increased inversion the capacitance rises and becomes saturated with applied
bias.

It can be seen that in the 500 H, frequency range, thewcébééitance
becomes practically constant in both the cases R3 and L3, when - the semicon-
ductor surface is inverted. This constant capacitance corresponds to the
limit reached by the depletion region width. In this frequency range, the
majority carriers would be able to follow the dc bias but not the ac signal.

At very high frequencies in both cases, the capacitancé»débkéases as
a funétion of bias, which may mean that the minority carriers. cannot accumu-
late near the surface even in the bias range corresponding to. inversion.
The minority carriers cannot follow the a.c. bias and hence do not accumu-
late at the surface or d.c. bias changes rapidly to the inversion side
and capatitance is ‘measured before minority carriers can accumulate near
the surface. This may correspond to the transient case. o

The two curves of 20 H, and 50 H, for R; exhibit a minfﬁdm*at about
0.1 and 1 volt respectively, which is followed by an ‘increase in the capaci-
tance. This may be due to the fact that all charge within the semiconductor
consists of acceptor ions and therefore the depletion region'is”cdmparitively
large and correspondingly the space charge capacitance is small.’

_Conducténce for both R3 and L3 is plotted as a function of bias at
various frequencies and they are shown.in Figures 14 and 15, respectively. One
significant feature is that conductance. decreased in the bias range 0-0.5 mv
followed by an increase in the cond@ctance which becomes saturated when it is
reverse biased in the case of Rj. In the case of L4, conductance decreases
and then becomes saturated. The conductance curves at high frequency have
not changed appreciably in shape but have in magnitude. The magnitude of
Also,

the conductance is higher at all frequencies for R, compared to L

_ 3
conductance data are much more frequency dependent for L

3
3.
5-2 Auger, ESCA, and Elliposmeter Studies

A paper written by Dr. B. W. Lee is given in Appendix B which describes
these studies related to the stability of the Cr-MIS solar cell. - This work
was partially kepokted in one of our previous reports.[8]
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6. RELIABILITY STUDIES (M. Thayer)

This reliability study explores the degradation of MIS cells exposed to
light, dark, or environmental conditions. An ELH lamp calibrated at AMI
jllumination was used to test each cell. Test results of the cells subject
to light or dark conditions are summarized in Table 7. Cells used .in- the
light bias study were continuously illuminated by a 300 W tungsten lamp.

The open circuit voltage (Voc) and efficiency {n) of these cells initially
-dropped 15% but are now at a relatively constant value. After a year of
testing, the she]f—]ife‘study'sti11 indicates that little degradation of
the MIS cells has occurred. : |

A solar panel consisting of nonencapsulated and encapsulated cells was
placed on the roof. After a week of exposufe, the i1l factor of the non-
encapsulated cell had dropped from .66 to .3.. This indicates that the
series resistance of the contact had increased. Visual inspection indicated
that both the anti-reflective (AR) coating and the aluminum contact had
degraded. The aluminum contact had degraded to such an extent, that in
order to obtain a good contact, test probes were pierced through the anti-
reflective (AR) coating further down the aluminum bus bar. Once this was
done the fill factor was found to be 0.6. This is conclusive proof of de-
gradation found in exposed contacts. Sylgard 184 was .used as an encapsulant
for the cells that were placed outdoors. After two months of operation the
open circuit voltage had dropped 35%. Microscopic examination of an encap-
sulated cell indicates degradation of the aluminum grid;

Degradation of the encapsulated cells could be due to:

1) Chamical reaction.

2) lonic transport of aluminum.

3)  Impurity migration of Al into the surrounding layers.
4) Moisture.

5) Degradation of silicon, silicon ovide barrier.

Moisture tests can be performed by placing cells in 95% relative humidity.
Encapsulated cells could be sprayed with saline solution. Methods of encap-
sulation could be improved by encapsulating cells in a vacuum or in a controlled
‘atmosphere. Chromium could be deposited beneath the aluminum grid to prevent dif-
fusion of aluminum into copper. Results from these tests will indicate whether
to continue using Sylgard 184,
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Table 7
SOLAR CELL RELIABILITY DATA
A. SHELF LIFE STUDY

g (- (-
Cell Date voc(v) sc cm2 FF Po cm2 Comments’
53 9/21/79 0.51 24.0 0.72 8.8 XTAL
. 3/6/80 0.51 24.5 0.65 8.1 b
4/29/80 0.48 23.5 0.70 7.9 Now I]luminated
65 8/22/79 0.53 28.5 0.71 10.7 XTAL
1/24/80 0.54 26.5 0.72 10.3
5/8/80 0.53 25.5 0.69 9.4
5/27/80 0.52 23.5 0.70 8.6
,7/30/80 0.52 27.0 0.73 10.3
8/25/80 0.53 26.0 0.75 10.3
-10/5/80 0.52 23.5 0.74 9.0
10/28/80 0.53 26.0 0.72 9.8
206 10/12/79 0.53 28.6 0.63 9.6 XTAL
4/8/80 0.51 30.0 0.68 10.4
4/29/80 0.51 30.5 0.61 9.4
5/27/80 0.50 28.0 0.68 9.5
6/27/80 0.50 29.0 0.66 9.6
7/30/80 0.50 31.5 0.69 10.7
8/25/80 0.51 30.0 0.72 10.9
10/5/80 0.49 30.0 0.66 9.7
11/28/80 0.50 28.5 0.68 9.7
‘B. LIGHT BIAS STUDY
126 3/18/80 0.53 26.0 0.68 9.4 Hamco,
5/8/80 0.51 25.5 0.67 8.7 Pressure
5/27/80 0.51 22.5 0.70 8.0 Contract
6/27/80 0.51 23.5 0.68 8.2 ‘
7/30/80 0.51 24.5 0.66 8.3
8/25/80 0.51 24.0 0.68 8.4
10/15/80 0.50 25.0 0.66 8.2 ,
11/12/80 0.47 22.0 0.60 6.2 Placed outdoors (10/15/80)
162 4/1/80 0.50 23.5 0.63 7.4 Wacker,
5/8/80 0.49 22.0 0.58 6.3 Silver
5727780 0.48 19.5 0.54 5.0 Epoxy
6/27/80 0.49 21.5 0.51 5.4
7/30/80 0.49 20.0 0.55 5.4
8/25/80 0.49 22.0 0.50 5.1
10/6/80 0.49 21.0 0.48 5.0
12/5/80 0.49 21.0 0.50 5.2
53 5/27/80 0.48 21.5 0.72 7.4 XTAL
6/27/80 0.48 23.5 0.72 8.2
7/30/80 0.48 24.0 0.72 8.3
8/25/80 0.48 23.5 0.72 8.1
10/6/80 0.47 22.5 0.71 7.5
12/5/80 0.47 23.0 0.70 7.7
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8. CONCLUSIONS

E-beam Si films on Si substrates rép]icate the substrate,iﬁ surface
features and crystallite orientation.

MIS cé]ls éca]ed from 2"cm2 to 4'(_:m2 show about the same qfficiency;
Scale-up to large area is not a problem. ’

G-V-f and C-V-f data may eventually give Quantitative datq,on defect
density at the interface of grain boundaries.

-~ . 9. PLANS FOR THE NEXT QUARTER

Continue e-beam Si deposition and further evaluate electrical
properties.

‘Improve etching and D.I. H20 procedures in preparing Si.
Improve MIS cell efficiency.
Continue evaluating grain boundaries by C-V-f and G-V-f.

Expand Ee]iabi]ity studies.
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APPENDIX A

SURVEY OFlPREVIOUS WORK ON CONDUCTION MECHANISMS
IN SMALL CRYSTAL POLY-SILICON

Introduction:

During the past ten years thin film polycrystalline silicon has been
studied by many researchers because of the possible épp]ication.to low cost,
large area solar cells, Experimenfs as well as theories on the é1ettrica1
properties of small grain size polycrystalline silicon films are studied.

This section is.a survey of some of the previous work done by these researchers
in order to give a clear picture to study the current conduction mechanisms
which will permit us to fabricate low cost, large area polycrystalline .Si

solar cells. Our next report will present a survey of other work and outline

our approach to the problem.

1

(A) John Y. W. Seto

(i) Sample Prebaration:
Polycrystalline films ion implanted with boron to precisely con-

trol doping concentration.

(ii) Assumptions:

II2

(1) Does not believe in "impurity segregation"” at the grain boundary.

(2) Electrical transport properties of polycrystalline films governed
by "carrier trapping" at the grain boundaryz;3’4
(3) One type of impurity atom present. Impurity atoms are totally
ionized, and uniformly distributed with a concentration of'N/cm3.
(4) Grain boundary thickness is negligible compared to grain size L.
It contains Q_t/cm2 of traps located at Et with respect to the |
intrinsic Fermi level. The traps are assumed to be initially

neutral and become charged by trapping a carrier,
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(5) Neglect the contribution to the resistivity by the bulk of the
crystallites and consider only the resistance of the grain-

boundary region.

(i1i) Basic Model:
The two important contributions to the current across the grain
boundary are:
a) Thermionic emission

b) Tunneling (field emission)

In this paper tunneling is neglected and the dominant current is from
thermionic emission. We will see below the different expressions for con-

ductivity in the two cases and the existence of a mobility minimum.

Define:
P, = Eé-(z“ﬁkT)% exp(EE;Ef) exp[g%-(gg;T)%] A
Jih = APy (2:;*)% exp(- ;¥5)[eXp(g¥$)-1] A-2
If V<< kT
Iip = qua exp(anlkT)% exp(- E%%) V; S A-3
o = La’p, (;;m—l;fi expl- 2B) A4

Case (1): LN < Q*

Under case (1) the crystallite is cpmp]ete]y depleted of carriers and

the traps are partially filled.

w N - A-5

Q

- 2expl(E,-E)/KTIH A-6

LN




Ep = E, - KT 2n[5Q,/LN -1] A7

o = exp[-(% Ey-E¢)/KT] A-8

L) exp(- By | A-9
Mg = L exp(- o7 -
eff | an*kT kT

Case (2): LN >‘Qt

Under case (2), only part of the crystallite is depleted of carriers.

1 .
Eg o | A-10
E .
5o T2 exp(-.E$) ‘ A-11

(iv) Conclusions:

From eqs. (5) and (10), the energy barrier, EB’ exhibits a maximum as
a function of doping. Eq. {9) shows that the mobility will have a minimum

as a function of doping. The minimum occurs at
LN = Qt
This behaviour is explained well by trapping state theory.

.(B) Baccarani, Ricco undgpad'in'i5

(i) Sample preparation:

Phosphorus-doped sputter deposited polycrystalline silicon films.

(ii) Assumption:
a) The existence of monavalent. trapping néntergi
b) Grain-boundary traps consist of states with a uniform density
of acceptors in the upper half of the band-gap and donors in

the Tower half.



(iii) Basic Model

(1).Monova1ent trapping states at the grain boundary

Define:

*
For ND < ND s
q“LAN,
EB = 2¢
o o exp(- F%
where
= L -
Ea 5 EG E

Nt = acceptor states of grain boundary traps

ND = jmpurity concentration

ND* = impurity concentration such that when‘
N < ND*’ the crystallites are entirely
depleted.

W= debietion wi&th

L = grain size

EB = barrier height

Ea = activation energy

the crystallites are entirely depleted:

For N, > ND*, the crystallite are partially depleted:

D

. | q N
(1) EB T8N

2y 2

t

D

for EF - Et - EB >> kT

(1) Eg =% Eg=E, + KT an{aNy™N, /[N, (2eNg)#]} for E

E
] a
o = 7 exp(- ¢7)

(iii) ¢ o K

TNt

(Eg)?

Ea
exp(- 1)

A-b

t

+E'-E >>kT

B

F

B-1

B-2

B-3

B-5

B-6



(2) Continuous energy distribution of interface states

The limiting value of the impurity concentration N, corresponding to

D
complete depletion of the crystallite is ND*:
* 'Nss qZNssL i1 ND*
ND = (T—) (] + Be ) kT Zn(-—ﬁT) . B-8
For ND < ND
E
g w-% exp(- E%) B-9
when
LN
1 D )
E =, E. -~ 57 B-10
d 2 G Nsc
For ND > ND
qusszEFz q2NssZEF
E, = for N, >> B-11
B ESND D 2¢
_ N q2NsszEF
EB = EF for ND < B=12

(iv) Conclusion:

a) Impurity segregation and carrier trapping at the grain boundary
both take place in polycrystalline silicon. Experimental data
show evidence of some impurity segregatioﬁ at the grain boundary,
at least when it is phosphorus doped.

b) Trapping states are nearly monovalent, and peaked at midgap.

(C) H. C. Card and W. Hwang6

(i) Sample preparation: Not mentioned.

(i1) Assumption:

The dark-carrier transport in Schottky barriers on polycrystalline
silicon is dominated by both majority carrier and minority.carrier transport.
For certain values of grain sizes, the minority carrier injection dominates
so that the metal-polysilicon contact resembles a p-n junétion rather than a

Schottky barrier.
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Figure A-3.

Model Used by Card and Hwang(s)

&
H R «— Quasi-neutral emitter
et N o o A
- - - |- -Z |- — _ & Jdunction space-charge
GB #/,//IT& region
Hi -1 :
i ON |
fﬁ
) S
Ef
grP
T '
Figure A-4. Model Used by Fossum and Lindholm(g)
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(iii) Basic Model:
For n-type semiconductor, the majority carrier current is

5 a6

Lo
J, = AT exp(- —E$9[6Xp(%¥) -1] c-1

The contribution to the dark current from the injection of minority

carriers:
gD _n 2
] =P LA : -
p oy [expleg) 11 ¢-2

For low doping concentations Jp/Jn is negligible for ¢y < 1.0 eV

For polycrystalline silicon the effective value of Lp may be expected
to be short. Jp/Jn may be expected ‘to increase to exceed unity. Consider
two different cases in majority (or minority) carrier transport in the

polysilicon Schottky barrier.

(A) Majority-Carrier Transport:
1)  Electrode-Limited Conduction:
Transport of electrons across fhe grain boundaries does not restrict
the current.
2)  Bulk-limited Condiuction:
The majority-carrier current is dominated by the transport across
the grain boundaries; the contact potential ¢b does not restrict the current.-

(The case for the low ¢b)

Assuming there are N grain boundaries each of barrier height ¢g within

the silicon film and these are parallel to the surface of the semiconductor:

* qé
Jn = 2A T2 exp(- _F%) sinh(Eﬁ%T) : c-3

n

Define: V.l voltage drop across the Schottky barrier

V2 voltage drop across the total of the N grain boundaries
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[N
0o

A T?' exp(- ,ﬁ—b-)[ exp(ﬁ-—]—) -1]

A q¢ qV o
AT exp(- —8) sinh(mar) C-4

The applied voltage V = V] + V2

(B) Minority-Carrier Transport: .

1) The presence of grain boundaries in polycrystalline silicon is
expected to reduce the majority—éarrier current for a_qiven
vo]fage. "

2) The minority-carrier injection current is increased by the pres-
ence of the grain boundaries. The efficient recombination centers

reduce L _.
p

The recombination rate at the grain boundary:

ey = qus

interface state denéity at the grain boundary

=
n

o.= capture cross-section for electrons

<
1]

thermal velocity

n(x]) = electron concentration of the first grain boundary at

position x = X -

The recombination current (Jr1) of (5) assumes that all interface states
between the quasi-Fermi levels Efn and Efp fok‘e1ectrons-and holes contribute
equally to the recombination. It assumes that the recombination traffic

through these states is limited by the supply of electrons rather then of holes.

. * "
The effective diffusion length (Lp ) for the injected minority carriers:

*ONd C-6

LP v



Nr = no. of grain boundaries near the silicon surface
d = grain size to allow all of the injected minority'carriersf

to recombine.

‘ q¢
= - -3 - -
J. = aN; o v N exp( kT) V] | c-7
. I quniz qV] 3.
Jp = 20 T NI = — [exp( kT) -1] c-8
Lp Nd ,

After some manupulation, the minority-carrier injection current is

obtained: '
=
NN, avV, % Q¢ qVv
] = cpociisT -3 i
Jp an; (- Nyd ) exp( 557) exp(ZkT) - C-9

The minority-carrier injection ratio is defined as:

J

p

It is very close to unity in the polycrystalline Schottky barrier; the

minority-carrier injection often dominates the dark current..

i

(iv) Conclusion:
(1) Majority-carrier transport in metal-polysilicon Schottky bafkiers
undergoes a transition with bias vultage from electrode-limited
To bulk-limited.
(2) For a range of grain sizes, and of interface'state densities at
the grain boundary, the dark current may be dominated by the

injection of minority carriers.

(3) The minority-carrier current obeys an exp(§%¥) dependence reminiscent.

of the high-injection regime of sing]é-crysta11ine S1.
(4) A transition from an exp(§%¥) to exp(%¥) dependence is observed
with the low-voltage component due to minority carrier diffusion.

current.

—A=10



(D) A. K. Ghosh and T. Fang

7,8
(i) Samp]e'Preparakibnﬁ |
3 um grain size Sn02/Si heterojunction cell. Po]y-siigcbn was
obtained from Wacker.
(i) Assumptions: |
(1) For cd]umnar-growth pdlycrysté]]ine so]af ce1is,’the qpe@ circuit
photovoltages and fill factors were assumed to be the same as in
single crystal. | o
(2) The'dopant concentration at the mobility minimum follows:

12 i S
" ]2 cm"3 T ‘ ' D-1

Ng

(3) No variation of mobi]ity is assumed.

(4) The change in lifetime is the more dominant factor.

1 L
T = D-2
eff. ov Nsh
Nsr = effective density of recombination centers.
(iii) Basic Model:
(A) Dark I-V characteristics:
(1) Grain sizes < IOO‘pm
- ALV AV ' :
J = Jod(e d'-1) + Jor(e r'-1) _ D-3
J = Jor(ekrv—1) for small grains ' D-4
4 qn;w ‘
where Jo = £ = reverse saturation current due to recombination
" 107
(i1) Grain size > 100 um, forward bias near Voc
_ ALV Ayv_ » _
J = Jot(e t'-1) + Jod(e d -1) o ~ D-5
Sy At %g
where - "J . = AT" exp(- FT)
;- q Dano N annpo
od L L

p n
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(iv)

(B) The Short-Circuit Photocurrent:

(i)  From bulk contribution:

uzN]exp(-azzz)' 2a,N exp(-azzz)[exp(- I—J-exp(-azd)
Jp = Al—— - 7T i gl D-6
At T Lp(q2 - —3)[exp(;=) - exp(- ) :

P Lo p - © P

(ii) From barrier contribution
. \.M,' T ] R : o . .
Jy = GgN'[1 - exp(-a,2,)] D-7
The total current for MIS, SnOZ/Si or IT0/Si is

.JS'C‘ = J] + ‘Jz ) | ‘ D"8
(C) The open-circuit photovoltage:
nkT . Jsc

Voc ™ Tq AN (—3;) b-9-

(i) For grain size < 100 ym

2kT sc
Voca-—q—l (J -—) D-10
(ii) For grain size > 100 um
kT sc
VOC q &n ( od) ) D-]] ,
(D) Fil11 factor
1 I T '
FF = (1 = <) (1 - —=c9S) - - b-12
Moc Moc :
Conclusion:

(1) Grain boundaries act as recombination centers (with capture cross-
section of 2 x 10715 ¢n?)

(2) For small grain sizes, the surface recombination centers affect
the lifetime more fhan any dopant concentration.

(3) For materials with a direct bandgap, smaller grain sizes and thiék-

nesses are likely to result in efficiencies equivalent to thicker

indirect bandgap material of larger grain size.
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(4) Depending on the height of the intergrain boundary: barriers, tun-
neling rather than thermionic emission'may be the preferred mode

of intergrain boundary crossing for carriers in the dark.

1

(E) J. G. Fossum and Fredrik A. Lindho;lm9
(i) Sample Preparation: O

Thin film polysilicon devices from C. Feldman. No experimental
data are shown. . ’
(ii) Assumptions:

(1) Recombination occuring in the grain boundary4ch§r§e region re-
duces the excess electron density to nearly zerb at £hé.édge of
the space-éharge region. o |

(2) Grain-boundary recombination rates are smé11‘enough so that
both E

and E._ are nearly flat and the separation is nearly

fn fp
constant across the space charge region.

(3) The grain-boundary width is much smaller than the space-charge

GB
cr ”

region width, W
¢

(iii) Basic Model:
A. Thermal Equilibrium
Consider a distribution of donor (NSQ(E)) and acceptor (NSQ(E))
surface states within the bandgap.

A net charge density QGB:

g D 'g.A
Qg = Jo Noe(E)[1 - F(E,EL)] dE - q Jo N i (E)F(E,E)dE E-1
where EF = Fermi level, depends on the doping level NAA
(E - E1 > W OB o kT gn(el , E-2
F VX scro NAA . . k=€

Nv = effective density of states at the valence band.

In polycrystalline silicon, QGB-iS positive for p-type grains.
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The grain-boundary potential barrier height ¢Bo is obtained by

%Bo ~ ¢Bo[NAA’ ng(E)’ NSQ(E)] o E-3
(B) Nonequilibrium
For quasi=équilibrium assumption:

E-y-E

2

- PkX)N(;j‘; Ni exp( FN

FP
—T )

= constant E-4

with excftation applied: P(O), N(O) >> n.

In order.to. specify P(0), N(O)

da) The-:excitation.provides substantial numbers of holes and clectrons
at the-grain-boundary surface, .

b) No physical constraints are imposed on ¢g -

For any nonequilibrium, steady state condition, with "sufficient ex-

citation," P(0) and N(0O) will have attained the values that maximize Us.

=1 e ErnErp ' '
Us = 5 (S S,) n; exp( T ) | E-5
The grain boundary- recombination current density JGB
-C

B _ _ = =39 Y FN FPy
JGB Jp(q) J,(0) = 7 (s S,)% n, exp(T) E-6
g GB _ 1 b ] GByy-%

Sn(eff) " (San) Naa [N(Wscr‘):| ‘ E-7

-This is a "nonlinear" boundary condition for minority carriers at the
edge of the grain boundary space charge region.

For "high injection:"

(S_S )
GB _ E
n(eff) 4 E-8

The boundary condition is "linear."

The recombination current density at the grain boundary:



| Jogt = § (5,57 n; expll) L E9
(iv) Conclusion:
(1) This theory defines the effective minority-catr1ei lifetime in a
grain in terms of the actual lifetime and the effective fgcombina-
gion velocity. | | o
(2) The reciprocal slope factor of exactly two results fromfthe quasi-
equilibrium and steady state condition at the grain boundary.
.(3) The fundamental physical mechanisms which influence the cell con-.
version efficiency is revealed from analysis of the dark current-

voltage characteristics.
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"ABSTRACT

Auger electron spectroscopy and ion sputtering techniques weré used
to investigate the free surface composition and MIS solar cell fabri-
cated on polycrystalline silicon. A layer of;7202 of mixture of
silicon oxide and'chemisorpted oxygen atoms were found on the Si sur-
face. For the Cr-Cu-Cr-S$10,-Si solar cell, the copper layer is.tha"
key factor for reducing. the series resistance of the metal layers. ©
The pure oxide layer was found to be almost nonexistant ahd a mixture
of silicon oxygen énd chromium was detected between the silicon and
metal interface.. Compositions of the cell were investigated as a
function of temperature. The results were used to estimate the life
time of the'ce]}; It was found that the cell should have a yery'long

1ife time if operated under 200°C..
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INTRODUCTION

The MIS (Metal-Insulator-Semiconductor)-Schottky barrier solar
cell is currently receiving a great deal of attention in view of its
simplicity and applicability to the large-area thin-film semiconductor
solar cells that may prove suitable for terrestrial solar energy.con-
version. The MIS polycrystalline silicon solar cell is of particular
interest because of its advanced processing. technology and the possi-
ble Tow cost fof mass production. The ultimate goa] is to produce
silicon cells at a cost of < $0;50/W with an efficiency > 10%.

It has been reported [1-5] that the presence §f a thin insulat-

0
ing layer (T20A) at the metal-semiconductor interface of a Schottky-

barrier solar cell would improve the: open-circuit voltage of the cell. .-

The insulating layer has an associated:tunneling probability and thus
reduces the dark (majority carrier) current of the MIS-Schottky -bar-
rier [6]. As a resulﬁ of decreasing the dark current, the open-circuit
voltage is increased, and the conversion efficiency of the solar cell
is thus enhancéd. However, the conversion effiéiency is strongly de-
pendent on the semiconductor surface condition and the method of pre-
paring the metals [7].

Solar cells are normally operated under an evaluated temperature
50 ~ 100°C. Atomic interdiffusion bgtween the metal, oxide and.semi— '
conductor layers of the cell at the eva]uafed temperature could possi-
bly cause degradation of the cell and thus reduce its lifetime. It is
important to investigate the compositons and the interdiffusion of

the various films in a MIS solar cell in order to estimate its lifetime.
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In this paper we report the results of the compositional studies
on the metal semiconductor interface and on temperature inf1uencé‘on

metallic interdiffusion.

EXPERIMENTAL

.The dimenstons of the variousifijms in a Wacker po]ycrysta]]ine
- S9 MIS solar cg]i are indicated in Fig. 1. The fabrication process |
has been reported previously [8]. ‘

Figure 1 shows the‘structure-of a Cr—Cu-Cr—S105/Si MIS solar

cell for Auger study. Chromium is chosen as the meta] film for 1ts

Tow work function and the fact that 1t .becomes continuous at = 30A N
thichness. A thin copper film (”‘ OA) is introduced above the chrom1um
film forming a Cr-Cu-Cr sandwich to reduce‘the ser1es res1stance of .
the metal layer. The top'Cr layer is introduced to prevent oxidatibﬁ
of thé thin'Cu film. -An efficiency of 8.8% was reported [8] on cells
fabr1cated on Wacker polycrystalline S1 using the MIS structure shown
in Fig. 1. Actual.solar cells use 30A Cr adjacent to the S102 and

do not have the top Cr layer which increases optical transmission in-
to the Si.

A seties of'stydies on MIS solar cell compositons and inter-
atomic diffusion between various films after different heat treatments
“were conducted using Auger electron spectroscopy (AES) and ion sput- .
tering techn1ques The compos1t1ons of a po1ycrysta1]1ne silicon
with a thin oxide 1ayer ( 20A) ware also investigated for comparison
with the results of the completely fabricated solar cells. The mea-:

surements of the film'cpmposjtions were conducted in aﬁ‘u]tra-high
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vacuum'(UHV) system eqﬁipped with Tow energy electron difffacfion
(LEED), Auger electron speCtrbscopy (AES) and an ion sputtering gun.
A schematic diagram of thé UHV system is shown in Figure 2;, Samples
were mounted in the main chamber and then the system was pumped'to
10'9 torr. The surface compositions of both. free polycrysta]]iné
silicon and MIS solar cell surfaces were §tudied by AES with a CMA
(cylindrical mirror.ané1yzer).-AIon-sputteF{ng AES profiles were:téken
.for analyses of the compositions of the metal, oxide-and silicon
layers. |
| Six diodes cut from the same wafer were subjeéted to heat treat-
ments at‘different‘temperatures'and then ana]yzed'by'Auger prdfi]ihg.
The samples studied are listed in Table 1. Samples 1 and-2 were not
heat-freated. In sputtering thf0u§h‘thé metal and okide'iayers, com-
plete Auger profiles were taken at mefa]-métal; metal-oxide and oxide-
semiconductor interfaces to carefully examine the atomic interdiffusion
between the various layers. |
| RESULTS AND DISCUSSION

Figure 3a‘shows the Augér prdfi]e,of"the polycrystalline‘si1icdn
~.virgin surface. The surface_was contaminated with carbon and oxygen,
and a shift in fhé'high energy Si Auger peaks was not observed. The
intensity of the low energy Si peak was weak, as indicated in Fig. 3a;
becausé the surface was covered by carbon and oxygen, and ‘the low energy
peak has a shallow (< 102) electron escape depth. A small shift in Tow
~ energy Si peak was observed when thé']ow energy part of the profile was
4 amplified. This indicated that only a small portion of the Si atoms

was oxidized at the surface. The oxygen peaks were greatly reduced
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after a few seconds of ion sputtering as shown in Fig. 3b, thus con-
firming that most of the oxygen atoms were chemisorpted to the sili-
con surface.

'Figure 4 shows the'composition of the eurface.of eample 2.
fhe chromium surface had a very large amount of oxygen. In Fig. .5,
the ion-sputtering AES profile shows the'tompositions of the cell
from the chrom1um surface to the po]ycrysta111ne silicon. It is clear
that oxygen and chromium existed throughout and diffused into the
silicon for a thickness of 35 to 40A

The fact that a large amount of oxygen was detected in both
chromium layers}indioated-that.a large poition of.the chromium was
oxidized. ' The oxygen‘was introduced into the chromium layers during
the device fabrication purposely to reduce the-Wbrk function of the
chromium layer [7,9]; The resistivity of the chroﬁium‘film'would pro-
bably increaSe by the existance of oxygen atoms which'ere likely to
oxidize part of the chromium atoms to form chromium oxide. On uhe
other hand, the copper film over fhe Cr layer would reduce ;he series
resistaice ot the whole metal film‘and thus of the coupleted so]af
cell. 1In genera1 the boundary between the copper and chromium ]ayers
is not well defined because of the interdiffusion between the copper 2
and the chromium layers as shown in Fig. 5. It is significant that
the Cu does not fully penetrate the Cr to oisturb‘the Cr;SiOZ-Si re-
gion. It is clear that introducing the copper film into the cell is
the key factor for a low internal kesiSfanceAcell.

The S1'02 layer between'the chromium and sﬁ1ich'1ayers is

rather difficu]f to define. As shown in Figure 5, the oxygen signal
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at this region seemed_tb be'éssociéted with the chromium rather than
the silicon. Figure 6 is the AES profile taken at this region. Ele-
mental silicon atoms have an Auger peak at 92 éV. Nhen‘the‘siiicon
atoms are oxidizéd,athis peak'shifts from 92 eV to 86 eV. A large
silicon peak.at 92 eV is observed in Fig. 6. This indicated that the
silicon Auger signal intensity mostly came from elemental silicon
atoms rathér»than from silicoh atoms of.SiOz. In ofher words,  only
a sma]i portion of oxygenfatoms weré‘oxidizing silicon atoms and the
rest wgré either associated Wiﬁh chromium atoms or simply mixed with
Cr and Si without oxidizing either of them. Further studies are re-
quired to clarify the role of the Sioz_br'interfaqiaI layer in'a MIS
solar cell. |

Figures 7 to 10 show the ion;Sputtering AES results of sam-
ples 3 to 6, respectively. A careful study of theﬁe profijes shows
'that the cells are stable with respect to heat treatment under 2009C.~
No further interdiffusion between different.films was observed after‘
_the devices were fabricated. It is clear from Fig. 9 that copper
atoms do not diffuse'through the.chromiUm layer adjacent to.Silicon
even after 70 hours of héatAfreatment at 203°C. This indicates that
the cell is not likely to degrade if operated Undef 200°¢c. However,
operating a MIS solar cell at a temperature higher than'ZOOoc would
result in a severe degradation. Figure 10 shows the AES ion-profile
of sample 6 which was heatéd to 600°C in an UHV chamber for 10 minutes.
It is clear that the cell is completely destroyed by diffusion of

copper atoms throughout the whole cell.
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CONCLUSION

In conciuSion; AES studies of the MIS solar cells indicated
that thé cells have a‘tembeiaturg 1imit.of 2009C;fora]ong 11fétiﬁé'
dperation.~ Diffusion of ¢opper.atoms in. the -cell becomes a fatal
problem. at temperatures above,zooéc, The oxide'1aygr}in the MIS cell.
is @ complex film with contents-of .chromium, silicon and oxygen and

.its important rolg in a MIS cell operation‘needs Further study  and
clarification. Another interesting -aspect.{s the trade-off between
the reduction in a work function. and increase in series resistance by
introddcing'bxygen'into chfqmium layer. . A-systematical study of the
open-circuit voltage of fhesé”ce]ls with;différeht oxygen content -

should optimize the MIS cell operation.
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Fig.

Fig.

Fig.

Fig.
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Fig.

3a:

3b:

FIGURE CAPTIONS

Structure of a MIS solar cell. The copper layer is

introduced to rcduce the series resistance of Lhe

‘Meta1 film and the top.chromium layer is for preventing

the coppef film from oxidation.

Schematic diagram of the UHV system equipped with LEED,
AES, masS spectrometer, and fon sputtering gun for

surface analysis.

AES profile of Si virgin surface. Small SiO2 signal

was detected.

»AES profile of Si surface after a few seconds of ion

sputtering. The oxygen peak was greatly reduced by
sputtering and thus confirmed that the oxygen atoms

were chemisorpted to the silicon surface.

AES profile of the surface of sample 2. Sample 2 was

vnot heat.treafed. The chromium surface had a very

large amount of oxygen.

The ion-sputtering AES profile of sample 2.. It showed
the compositions of the cell from the chromium surface

toithe po1y¢rysta1line silicon.



Fig. 6:  An AES profile taken at'the’SiOé region. It indicated
that the silicon Auger signal wés contributed for the
most part from elemental silicon atoms rather than from

.5102.

Fig. 7: The ion-sputtering AES profile of sampie 3. Cu did not

penetrate the Cr into the Sip2 region.

Fig. 8:  The ion-sputtering AES profile of sample 4. It also
shows that Cu does not influence the electronic proper-
ties atlthe Cr'--SiO2 Jjunction and the ce]T is staﬁ]e

even after 158°C, 168 hours heat treatment.

Fig. 9: The ion-sputtering AES profile of sample 6. Itlshows
that the cell is not likely to degrade if operatéd
under 200°C._ '

Fig. 10:  The ion-sputtering AES profile of sample 6 which was
heated to 600°C in an UHV chamber for 10 minutes. The
cell is completely destroyed by diffusion of copper atoms

throughout the whole cell.



FAR:

SAMPLE

HEATING TIME

STRUCTURE " HEATING TEMPERATURE| HEATING ENVIRCNMENT
(0 ¢) . _ 4 : (Hours)
o ‘* .
1 5‘02/5? ——-- -—-- ———-
— -
2 : Cr~Cu-Cr-Si02/Si —— ———- ————
T * - S
3 Cr-Cu-Cr-510,/5i 150 LRV 1.5
' 4 Cr-Cu-Cr4$iOZ/Si*r B -1 atomosphere: ©otr 168
5 Cr-Cu<Cr-510,/5i 203 atomosphere 70
6 Cr-Cu-Cr-510,/Si - 600 n 10 (minutes)
Palycrystaliine Si]icon'r
TABLE 1

. .Six samples were enalyzed.

at different temperatures and environments as 1isted-in the -

table.

Four of them were heat-treated
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