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ABSTRACT

The state of technological development of Si solar cells for
highest cbtained é_fficiency and radiation resistance is sumarized. ' The
various theoretical analyses of Si solar cells are reviewed. It is shown
that factors controlling blue response are carrier diffusion length, sur-
face recunbination, impurity concentration profile in surface region,
high level of surface ‘impurity concentration (degeneracy), reflection co-
efficient of oxide, and absorptio_n coefficieﬁt of si. _ |

The theory of ion implantation of charge into the oxide a_nti—'
reflection coating is developed and side effects are discussed.

The e.ecpermental investigations were directed at determining
whether the blue response of Si solar cells could be improved by phos-
phdrus ion charges introduced into the oxide antireflection coating.

| This experimahtal work included (1) measurements of Centralab
n on p solar cells as diodés; (2) preparation of thermally oxidized Si
and implantation in the ﬁhermally grown oxide followed by evaluation as a
MDS capacitor to detemi_ne the effect of implanted chérge on flat band -
voltage shift or surface 'po’tential: As expected, the MOS characteristics
shifted along tﬁe voltage axis to larger negative values as the implanta-
~ tion voltage and dosage increased; (3) illuminating the Si solar cell
with an affixed transparent electrode and d:Lelectrlc, across th.ch both
positive and negative voltages were applled, which shifted the surface

'potentJ‘al in both dJ.rectJ.ons but gave no dbservable effect on solar cell
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efficiency, (4) implanting at 20, 30 and 40 Kev dosages of 1012 - 1016
phosphorus ions into the axide at calculated depths of 357, 520, and
682 i, respectively, for the different voltages and measuring the in-

tegrated response I-V characteristics and Igoe and , and the spectral

Voc
response of Igoc fram 3950-9000 A before and after implantation, which
revealed that with increasing dosage, Igyc decreased, but also evidence
of Si radiation damage and changes in the phyéical characteristics of
the oxide layer were found and (5) determining the spectral response
from 3200-6500 A of the difference in absorption of the axide layer
before and after implantation showing both positive and negative values
of this parameter which inferred that the physical characteristics of
the oxide had been changed by implantation.

| Thus, these investigations yielded inconclusive results
concerning the possibility of improving Si solar efficiency by charge
introduction into the oxide antireflection coating.

It is concluded, that phosphorus ion implantation as a technique
of charge introduction does not fit the requirements for successfullgf
monitoring the charge at the SiO-Si interface in the direction of lowering
ﬁe Qsg at the interface and because the oxide and Si damage produced by
the ion implantation can not be readily annealed out of production solar

cells owing to the presence of low melting contacts.
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PURPOSE

Perform a preliminary theoretical study to detemmine the effects
of surface characteristics on the blue response or specfral response of
conventional N/P silicon solar cells ahd outline the physics underlying the
| approach of ion implantation as a technique to improve the surface recom-
bination characteristics of the silicon solar cell.

Conduct an exploratory investigation of the effect of field and
ion implantation introduction of charge into the antireflection covering of
production Si solar cells on the surface recambination and spectral and

integral response characteristics.



BACKGROUND ON SILICON SOLAR CELLS

The structure of the solar cells to be discussed here is shown
in Figure 1. ’I‘his’is a n-on-p (n/p) cell fabricated by diffusing phOSphorus |
donors into a silicon substrate of uniform acceptor doping to form the junc-
tion at a depﬂ1 Xge Electrical contact is made via an evaporated metal grid
pattern on the incident surface and a continuous layer on the back of the

‘cell. Shown also 1n Figure 1 is the evaporated §i0, antireflection coating.

Absorption of photons with energy greater than the bandgap (v 1.1
eV for Si) Creates excess hole-electron pairs. Low level injection condi-
tions prevail for solar intensities and the large junction areas pemit a

| 6né—din‘ensior1al analysis. Drift and diffusive forces determine the motion
of the excess carriers to the junction region‘v}here the minority carriers
are swept across, thus contributing to the srbrt—circuit photocurrent Ig..
While excess c;arriers are created continuously throughout the cell thickness,
essentially only those minority carriers generated within 'an effective dif-
fusion length of the junction region will be collected as photocurrent.

Figuré 2 is the equivalent electrical circuiﬁ for a solar ceil
suppl_x}ing power to an external ;oad R, . The various series resistances

'(contac',t and sheet) have been cambined in Rg. Leakage paths around the
‘ junctioﬁ are represented in Rgy.

The IL—VL»relétionship is determmined from the equation

I, = Igc - I lexp {q(V+I R,) /AKT} = 1) - (V + I;Rg)/Rgy (1)
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Because of the distributed nature of the series resistance Rg, és well as
the shunt resistance Rgy, an ideal analysis should be performed on an in-
- cremental -area basis. If Ry is quite high, those cell areas remote fram the
" front sﬁrface contacts would be practically open—-circuited. Normally the
termms involving RS and Rgy may be neglected by letting Rg -+ 0, Rgy + ». This
assumption, of course, is iargely dependent upon the optimization of fabrica-
| tion techniques and dévice configuration. The second term on the right side
of Equation (1) represents that amount of the photocurrent which flows through
the p-n junction in parallel with the load. In particular, the factors Ioa
and A are determined by the recambination mechanism which predominates at the
operating cell bias. Recambination in the quasi—peutral regions on either
side of the depleted jmctiqn is characterized by componénts of the constant
'I0A propoi‘tibnal to the square-root of the reciprocal minority carrier life-
time (v~ 1/ 2y , and the factor A in the exponential is unity. In the surface
layer, the I_, camponent also has a canplé.x dependence upon the surface re-
canbination velocity. If recombination in the ‘Space charge region of the
junction predominates due to recombination centers at the intrinsic Fermi
level, then I_, is proportional to the reciprocal lifetime (t 1) and A = 2.
Although the forward junction current will increase more slowly
with increasing voltage when A = 2, the magnitude of the I,a factor is much
larger than when A = 1. Early predictions of ideal silicon cell efficiency
of approximately 22% at 298 °K were based upon the diffusion current daminat-
ing the junction behavior (A= l)l_) . Similar calculations considering only

the space charge recambination current indicate an ideal efficiency of



approximately 16%. Mandelkorn, et.al.z)

in discussing their work with some
of the first phosphorus-diffused n/p Si solar cells mention the 'factor A as
being a sensitive parameter for optimizing the fabrication process.. Typical
cell forward characteristics exhibited A values of 1.95. In a study of boron-
diffused p/n cells Queisser3) observed the A value exceeding 3. Apparently
the large and varying value of A is common for the boron diffusion cell. It
was postuiated that this behavior was due to a nonuniform distribution of
recarbination centers. Queisser demonstrated that precipitation of impurities
during the initial cell fabrication may be the cause of the excessive values of
A. He heated cells at 825°C in a hydrogen flow and then quickly quenched
them to room temperature. The quantity A was found to be reduced to prac-
tically 2. At an operating voltage of 0.4-0.5V, n/p production cells today
are reported to exhibit values of A lying between 1 and 2. Thus, it appears
that any detailed analysis of a Si solar cell operating at maximm efficiency
should include both of the components of forward current mentioned above.

The following are considered to be the important design factors
which control conversion efficiency of Si hamojunction solar cells:

1. Reflectivity

2. Absorptibn coefficient

3. Surface recambination

4. Impurity profiles

5. Lifetime of minority carriers

6. Surface layer sheet resistance

7. Contact resistance.

Several of these factors will be discussed in the succeeding sections.
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Cambining the absorption coefficient of Si, the solar spectrum
and the relatively long minority carrier diffusion lengths leads to the fact
~ that the silicon solar cell is primarily a base-response ceil. This can be
contrasted with gallium arsenide devices in which, because of the higher
absorption coefficient aci:oss the active portion of the solar spectrum, the
surface region shares an equal role with the base in the overall collection
efficiency. 1In Figure 3, the relative number of solar photons with energies
greater than 1.1 eV (AMO) which are absorbed as a function of depth in Si
is shown? . (It should be recalled that these photons represent about one-
half of the total number of photons in the outer space solar spectrum.)

When a solar cell is designed to operate in a hostile radiation
envirorment, a further campramise must be made to minimize the relative
change in the characteristics (usually output power) over the useful operat-
ing life of the cell. Fram the results ef early space satellite studies and
laboratory radiation experiments with high energy electrons and protons
i(MeV range), three statements can be made: (1) The output of the cell is
quite sensitive to radiation, (2) The current decreases much more rapidly
&1an the voltage, and (3) n/p celis are more resistant to radiation degrada-
tion than p/n cells. By observing the spectral response of a cell before and
after irradiation, it has been deté:mined that the initial decay in output
is due to a decrease in minority carrier diffusion length, L, lin the base
region. The relationship between L after bombardment by a particle flux ¢
and the prebambardment diffusion length L, is

-2 _
L -—Lo

5

+ Ko ‘ (2)
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where K depends upon the type and energy of radiatidn, and upon the sémi-
conductor material. Base region sensitivity to radiation is due to the
'depth of absorption and creation of damage by the bambarding particles,
the base-response natu.fe of the Si cell, and the fact that the diffused
surface layer has such a poor lifetime (or diffusion length) even before
experiencing any radiation flux; Radiation resistance can be increased.
samewhat by increasing the resistivity of the base region, compramised by
increased temperature sensitivity and a reduced initial cell efficiency -
[an increase in the I, factor in Equation (1)].

Thus, any improvement in surface region response which may be
possible not only increases the absolute efficiency (for fixed junction
depth), but also will tend to increase the useful cell life under radiation
banba.rament. Cbviously, the surface region loss mechanisms are related

to surface recambination velocity and the effective bulk diffusion length.



REVIEW OF THEORETICAL ANALYSES FOR Si SOLAR CELLS

The solar cell efficiency analysis performed by Wysocki and
Rappaportl) in 1959, established the optimum range of semiconductor energy
gap (1.4-1.6 eV). In this camputation, series resistance and reflection
losses were neglected, and a unity collection efficiency was assumed for
all carriers generated by photons with energies greafer than the bandgap.
State-of-the-art bulk properties were utilized. Of the common semicon-
ductors available GaAs is probably the most ideal choice for a solar
photovoltage device. Three sets of calculations were performed to determine
the effect of the junction I-V characteristics upon efficiency (diffusion-
controlled, recambination-controlled, and a cambination of these two). The
optimum energy gap remained essentially the same but the efficiency varied
considerably with the various types of junction behavior.

Dale and Smith>) analyzed the spectral response of p/n Si solar
cells, including a constant electric field in the surface p-layer. Constant
bulk parameters were assumed for the diffused layer. The conclusions were
that, in order to match experimental results, very large surface recombina-
tion velocities, of the order of 105 cm/sec, are required, or alternatively
a very low bulk lifetime in the surface material. Experimentally etching
cell surfaces to reduce the recambination velocity had very small effect on
spectral measurements; therefore, the latter alternative above was assumed.
Surface region lifetimes on the order of 10710 sec are necessary to fit the

Calculated spectral response to experimental device characteristics.



The study by Wolf®) includes drift fields due to impurity density
gradients both in the diffused region and the base region. It further develops
a two-layer model for each of the regions,. which permits investigations of
drift fields in only a portion of each region and effects of spatial variations
of the field strength. As in the Dale and Smith analysis, the spectral collec-
tion efficiency is computed, individual calculations being performed for the |
base and diffused regions. |

The minority carrier lifetime and surface recambination velocity
- of the diffused region can only be determined indirectly. In an experimental
situation, knowing the parameters of the base region pemmits a reliable calcula-
tion of the partlal collection efficiency (essentiélly short-circuit current/
number of incident photons vs. wavelength) .. The difference between the measured
collection efficiency and that calculated for the base region is the contribu-
tion of the diffused surfaée layer. Wolf caompares this surface layer collec-
tion efficiency (p/n) with his one- and two~-layer models which have recombination

velocity and lifetime as parameters. Experimentally obtained spectral response
curves for the diffused region can be matched equally well by considering the
existence of a drift field or by assuming collection to consist purely of dif-
fusion of minority carriers. However, inclusion or omission of the drift
field heéessitates, a change of the minority carrier lifetime by a factor of
about 4.4. Again, constant average values were used for the electrostatic
fields and bulk parameters.

After recognition of the fact that cells experiencing irradiation

degraded because of a decrease in base regibn lifetime, interest developed



in the inclusion of an aiding drift field in this region. Kaye and Rolik’)
made linear approximations to the electric field and diffusion constant
variations with distance fram the junction. Various constant lifetime
values were used as a calculation parameter in camputing the collection
efficiency. The purpose of their study was to optimize the drift field
strength and distance.  Experimentally fabricated devices incorporating a
near-optimum field configuration demonstrated the anticipated minimum short-
circuit current degradation due to fluences of 1 MeV electrons. This was
at the expense of 18% less short-circuit current than a standard field-
free cell at the beginning of bambardment.

| Calculations similar to those of Kaye and Rolik were performed
by Bullis and Rmyan® . A smooth curve relating the diffusion coefficient
D, to the logarithm of acceptor concentration Np was generated in order to
obtain the necessary values of D, and dD,/dx. Also, a linear function of
log 1, vs. log N (t = lifetime of minority carriers) was determined from
experimental data. It was discovered that only a slight reduction in col-
lection efficiency resulted in going from an exponential impurity distribu-
tion to the erfc case. Short-circuit current degradation under 1 MeV electron
bambardment in the base region was calculated for various field configurations.
In calculating the total cell short—circuif., it is necessary to include con-
tributions from wavelengths as short as 0.22 uym. If the K factor in Equation
(2) is increased as a result of increasing acceptor concentration in the
field region, as indicated by experimental data, the result is to reduce the

improvement due to the electrostatic field at high fluence levels. In an
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experimental study of base region drift fields (n/p) by Runyan and Alexander’

it is stated that not only does the field not enhance cell performance after bam-
bardment, but because of poor initial values of short-circuit current, the

‘cells with base-region drift fields are generally inferior.

Van Overstraeten and Nuytslo) use better approximations for the
electric field and moblllty variations than Kaye and Rolik, and Bullis and
Runyan in their calculations of short-circuit current improvement due to a
base region electric field. Optimum drift field region widths are determined
for various lifetime assumptions. Criticisms and camparisons with the two
preceding analyses are offered. |

In the three previous analyses the emphasis has been placed on
maximizing the collection efficiency or short-circuit current of the base
region of the solar cell, or in minimizing the variation of these quantities
with degrading radiation. (Van Overstraeten and Nuyts do not consider the
latter design problem directly.) Since solar cells are utilized as power
sources, a more realistic calculation would be that of power conversion
efficiency. A quantitative analysis of the conversion efficiency (n) of
GaAs and Si solar cells has been presented by Ellis and Mossll) . The
- labors involved in their extensive calculations have been decreased scme-
what by avoiding such approximations as used by References 7,8, and 10),
assuming instead constant average values for electric fields, diffusion
constants and lifetimes. The source intensity distribution is derived
from a 140 mi/an’® 6000 °K blackbody and no energy is lost due to reflection.

First, Ellis and Moss develop the currents existing in both the surface and

11



base regions, and then determine the efficiency by maximizing the VI
product. Surface recambination is included in the n-layer (n/p cell) con-
tributions to short-circuit and junction diffusion currents. Space-charge
region recambination current is calculated by assuming a single trapping
level located in the energy gap at the intrinsic Fermi level.

The equation of the short-circuit current generated in the
surface layer, ch, derived by Ellis ‘and Moss is essentially the same as
developed by Wolf in his single layer mo_dels) .

Ao
alN (A)
f (a2+2a8—l/Lg)

aa

J+ (surface) =q {_ (B+a) e

sC
=0

feBa(s/Dp+28+a) - £e™@ [(s/Dy+8) cosh fa + f sinh fa]

+ } da, (3)
f cosh fa + (B+s/Dp) sinh fa

where Eg is the (constant) electric field in the surface region, A is

wavelength, N(A) is the spectral density of photons, a is the absorption

coefficient, a is the junction depth, and
- 2 _ g2 2
B = gEg/KT, £° =8 +1/Lp.
A similar equation exists for the base layer contribution to the short-
circuit current.

Since Ellis and Moss have a primary interest in GaAs solar

cells, they do not treat the Si cell extehsi’vely. The result of
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efficiency calculations for a Si cell with constant impurity densities in
both regions is shown in Figure 4. Here the abscissa is measured in terms
of the junction depth. Independence of surface recambination velocity,

s, even in the absence of an aiding surface field, is demonstrated by the
very small variation in efficiency between the curves for s = 0 and s = 103
an/sec. The fact that the efficiency appears to increase to 15% as a - 0

1is a result of neglecting the series resistance. Separate calculations by
Ellis and Moss for various front surface contact grid spacings mdlcate an

| efflc:Lency of 11.5% at a=0.3 um for a 4 mm contact separation. |

In a cell fabricated by impurity diffusion of the surface layer,
the values assumed in cbtaining Figure 4 are no doubt unrealistic. In
particular, a strong electric field will exist (v 5000 V/cm) which is
- counteracted by a greatly reduced hole diffusion length Lp.

For purposes of camparison, the Ellis and Moss efficiency calcula-
tions (neglecting series resistance) for GaAs n/p solar cells are presented
in Figure 5. Here the effects of surface recambination and electric fields
are more apparent than in the casé of Si.

| It should be noted that the rather high efficiencies predicted
by Ellis and Moss for GaAs cells are the result of assuming a negligible
contribution to the junction current due to recombination in the space
charge region. Si.r;ce the forward current-voltage characteristics of GaAs
diodes exhibit a considerable degree of space-charge region recambination

12)

dependence at the operating solar cell voltage™™’, this assumption is

perhaps not valid.
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Figure 4. Efficiency of silicon n/p solar cell as a function
of junction depth.
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Sahai and Milnes'® have considered efficiency calculations

for Si hamojunction n/p solar cells in conjunction with their heterojunc-
tion solar cell work. They calculate the spectral reflection losses of
the antireflection coating for SiO, and evaporated SiO. They consider
three cell regions: (1) surface layer, (2) depletion region at the
junction, and (3) the base region. No attempt was made to incorporate
drift fields or impurity density dependent transport parameters. For a
0.5 um junction depth their "practical" efficiency is 11.69%. This
includes series resistance losses (Rg calculated on the basis of a
standard 2 x 1 an contact grid configuration), reflection losses, imper—
fect collection, and reduction of active area by front surface contact
grid. Although the importance of junction recambination currents, J,o.,
are emphasized, it is not clear just hdw (or whether) these have been
incorporated into the calculation of efficiency. For the ideal case of
perfect collection in the Si and no losses of photons or carriers, Sahai
and Milnes calculate the cell efficiency to be 20.25%.

Production solar cells presently indicate efficiencies of

10-11% for Si and 7-9% for GaAs.
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FACTORS CONTROLLING SURFACE REGION RESPONSE

In terms of reducing the dependence of the Si solar cell effi-
ciéncy on changes in base region parameters due to the effects of radiation
damage, it is desirable to maximize the surface region response. When one
examines the collection efficiencies of the surface and base regions of the
cell (see Figuré 6 for a p/n example), it can be seen that the surface con-
tribution is quite small. This contribution represents the blue response
(< 0.5 ym) of a Si solar cell. Of course the maximm ideal surface response
is predetermined by the Si absorption coefficient, the solar spectrum and
the junction depth. Fabrication of the device determines ultimately the
losses due to surface reflection, surface recombination and bulk recambina-
tion. '
| The succeeding sections will consider the absorption coefficient
reflectivity, impurity density profile, and surface recombination. These
are factors which are associated _with the surface and the surface region.

A camplete discussion of the surface region processes is limited by the lack
of information conderr_xing the degenerate layer introduced by the impurity
diffusion. The analysis and control of this degenerate layer represents

one of the last frontiers in Si solar cell technology.

Absorption Coefficient

Fundamental abosrption of photon energy to create hole-electron
pairs occurs for energies greater than the bandgap of a semiconductor. Com~

bining the absorption coefficient of Si with the solar spectrum results in
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Figure 3 which illﬁstrates the rate of absorption in the depth of silicon.
Of 6 x 1017 photons/cm-sec in outer space, approximately 2.8 x 1017 have
energies sufficient to produce excess carriers. A 0.3 um surface region
collects 21.3% of the active photons in a 350 wum thick cell (neglecting
reflection from back surface). ,

Near the absorption edge (= 1.1 eV for Si) the absorption co~
efficient appears to increase with increasing impurity concentration. This
increase is due to internal scattering and free carrier absorptionl3) .
Since the diffused layer is very thin compared to the reciprocal absorptibn

coefficient at these wavelengths, this impurity dependence is negligible.

" 'Reflection Coefficient

The reflection coefficient of Si varies between approximately
38% and 30% across the 0.4 - l..l um wavelength range. Since phosphorus-
diffused n-on-p solar cells do not e)&libit the very low reflection
coefficient (< 5%) of boron-diffused p—bn-n cells, a quarter-wavelength
antireflection coating is neces'saxy.' The wavelength of minimum reflection
is empirically chosen to optimize the cell efficiency. In a study of
thérmally oxidized sil?) the reflection coefficient minimm was 7% for oxide
thicknesses matching the 0.5-0.8 ym range. However, the reflection at 0.4 um
still rises to 38-40%. In the case of a heavily doped surface region the
smallest reflection coefficient dbtainable this way will increase somewhat

with carrier density. Improvement of the effectiveness of the antireflection
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coating results fram the use of evaporated Si0, since its refractive index
is almost the desired geametric mean of the Si and free space indices.

No doubt a considerable amount of proprietary research has been
directed toward the development of a satisfactory evaporated Si0, antireflec-
tion coating, but little has been reported about such a material interfaced
with a semiconductor. (In this discussion, 5i0, refers to the compound
formed at the substra_lte as a result of evaporating SiO; the actual compo-
sitional structure is detemmined by conditions during deposition.) Yorkls)
studied the transmission of 920 A-thick Si0, films evaporated onto Vycor
glass. For wavelengths greater than 0.5 ym the transmission percentage for
various deposition rates varied between 85% and 95%. At 0.4 um the films
deposited at rates greater than 50 A/sec exhibited a 65% transmission. How-
ever, no distinction is made between transmission losses due to reflection
and those due to absorption.

| Of course, unless the increased processing camplexity of multiple-
layer dielectrics is incorporated, incamplete cancellation of the reflected
component must be accepted. However, it does seén that this loss should be
- considered when attenptin§ to align theoretically efficiency calculations

with experimentally derived cell characteristics.

Impurity Profile in Surface Region

Iles and Leibenhauth)

examined submicrameter solar-cell type
diffusions by the technique of sectioning and sheet resistance measurements.

They discovered that the impurity profile of the diffused layer did not
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follow the theoretical error function complement distribution (erfc) which
their diffusion conditions would predict. For a 0.6 um junction depth,
approximately the first 0.2 um beneath the surface had either a constant

' impurity concentration with increasing depth (based upon mobility decreas-
ing toward the surface), or a concentration which actually decreased és the
surface was approached (if a constant mobility was assumed). This agrees
with Tannenbaun /). The immediate consequence of the two possibilities is
eitﬁer a) the aiding drift field due to an impurity concentration gradient
is nonex15tent in a region of the dlffused layer adjacent to the surface,
or b) there is actually a drift field in this region which enhances the flow
of minority carriers to the surface. Beyond this surface layer in the
region approaching the junction, the impurity profile appears to be more
sharply graded than that expected from the erfc distribution.

The a:malods impurity distribution has been ascribed to the

effects of impurity precipitation at the high-concentration surface and
field-aided impurity diffusion which is significant in that region where
the impurity density exceeds the intrinsic carrier concentration at the
diffusion tenperaturelz’”) .

The electric field, E, created by the impurity concent¥ation
gradient is proportional to the gradient of the Fermi level. For the one-
dimensional solar cell situation at rocm temperature (assuming all impurities
are ionized) with nondegenerate doping, the Fermi level is proportlonal to
the logarlthm of the impurity density. Thus the electric field is given by

_ kT d 1In Np(x) )
E(x)-—&——ﬁ-— \ (4)
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where kT/q = 25.9 mv at 300°K, and ND(x) is the (donor) impurity distri-
bution. If Ny(x) is proportional to e™, then E(x) will be constant with
respect to x.

Equation (4) will be valid when the mé.jority carrier concentra-
tion is nondegenerate. For silicon at room temperature the transition to
degeneracy occurs when Np = 1-2 x 1018 3 13,18) . With increasing donor
impurity concentration above this value, the Fermi level increases less
rapidly than 1n N,. Thus, an impurity gradient at degenerate concentrations
will create a smaller electric field than would a similar gradient at a
lower, nondegenerate concentration. As suggested by Iles' results in
Figure 7, there is an appreciable portion of the surface region in which

6) considers this situation in his two-

a drift field is not present. Wolf
layer model for the diffused region in calculating the short-circuit current
for a solar cell. The possibility of a positive impurity gradient near the
surface has never been analyzed, but presumably this situation could be
accommodated by many of the numerical analyses, such as Wolf's.

The problem of camputation of theoretical cell performance for
analysis or optimization is camplicated by the dependence of electrical
transport parameters upon the impurity concentration. Functional approxi-
mations for the electric field and diffusion constant have been assumed
in calculations of short-circuit current7'8'lo) . These calculations usually
considef only the base region of the cell incorporating a drift field layer.
Minority carrier lifetimes are more difficult to incorporate into an
analytical expression since this parameter is also dependent upon the device

technology in the region of the diffused surface layer.

22



|02|

B Erfc DISTRIBUTION
OF DIFFUSANT
MEASURED PROFILE
1020 ‘\(
<o

VS

i / o

' o CONSTANT

S 107 MoBILITY

p=d )

S

Bt -

e

8

w ok

<

O

(&

x

Z

S ’ lol? |

| , \
10'6 I I I | ' l \l
0 0.2 0.4 0.6

DEPTH (Lm)

Figure 7. Theoretical and experimental impurity concentration

profiles for high temperature diffusion into Si.

23



Surface Recambination

When the density of free carriers in a»vsemiconductor exceeds the
thermal equilibrium value, as in an illuminated solar cell, the excess
carriers recambine in the bulk and at the surface. The primary recambina-
tion process in both regions has been found to proceed 'through centers at

energy levels within the forbidden gap. Shockley and Read™?)

have analyzed
statistically indirect bulk recambination by assuming discrete energy levels
for the centers. The analogous problem of surface recombination via surface
states is similarly treatéd by Brattain and Bardeenzo) . First, a sumary of
the derivation of the dependence of the surface recambination velocity upon
the properties of the surface states will be presented. Then the methods of
altering the recambination rate by varying the surface potential will be
discussed. An extensive presentation of semiconductor surface phenomena

has been made by Many, Goldstein, and Grover21)

dgtailing references to
both theoretical and experimental work.

Consider a homogeneous semiconductor under uniform steady excita-
tion. The bulk densities of excess holes and electrons are assumed equal.
Surface recombination results in equal fluxes of holes or electrons to the
surface. The ratio of the rate of electron (or hole) flow into a unit sur-
face area to the excess carrier density in the bulk just beneath the surface
is the surface recambination velocity s:

s = P
ANy, rpy,
where Un,p is the electron or hole flux (number/cm2 sec), and Any, = Apy,
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is the bulk excess carrier density.

be neglected with respect to the total bulk thermal equilibrium density, i.e.,

Anb—Apb<<nb+pb,tl'1enSJ.Sglvenby21)

where

¥n,p =

1/2 .
.- gl Nelrn + oy

If the density of excess carriers can

2n} {(n;/n*) cosh [(Ef - E,)/KT - u_] + cosh' (u'-u)}
1 h i t 1 O S

probability per unit time that an electron or hole will
be capturea by a vacant state,

1/2 In (Ky/¥p),

surface density of recombination centers, all at an
energy E;,

bulk thermmal equilibrium electron and hole densities,
intrinsic carrier demsity,

intrinsic Fermi energy,

nj exp [(F, - Fp)/2T],

= quasi-Fermmi levels for electrons and holes,

1/2 (F, + F ), the steady-state mean Fexml level,
(EF - E; )/kT, the steady-state potential,

Et+len(go/gl),

the number of degenerate quantum states of the center when

it is vacant and occupied, respectively.

The subscript b refers to the bulk semiconductor beneath any surface space

charge region, and the sﬁbscript s refers to the surface.
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energy level E; is involved, then (5) must be sumed for the various
levels.

The surface recambination velocity not only depends upon the -
properties of the surface states, but also upon the bulk properties nj and
n, + pp, and on the level of excitation. The dependence upon bulk doping
was experimentally cbserved in etched Ge by Schultz?2) and in thermally
oxidized Si by Rosier?3).

Surface preparation and subsequent atmospheric exposures determine
strongly the distribution and density of surface states within the semicon-
ductor forbidden gap as well as the capture cross section of the states.

Traditionally, the surface centers have been divided into two
groups, fast states and slow states, depending upon their relaxation times.
The fast states can follow disturbances up to tens of megahertz, while the
slow states may require hours or days to achieve equilibrium with the semi-
conductor excess carrier density. Since clean surfaces do not exhibit slow
states, these states are normmally considered to exist at same depth in the
thin oxide layer on the surface of semiconductors exposed to the normal
atmosphere. Fast states are associated with the abrupt discontinuity in
the crystal lattice at the semiconductor surface. The early studies of
surface states utilizing etched surfaces exposed to various gaseous ambients
were hampered by very high densities of slow states which prohibited the
alteration of the surface potential of the semiconductor with respect to the
bulk under d-c or low frequency excitation conditions. Thermally oxidized
Si is unique in that the slow state density is very low, thus making field
effect devices possible. The basic model for surface recombination hés

evolved fram consideration of quantitative studies of the fast surface states.
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~ In thermal equilibrium the presence of acceptor— or donor-like

~ surface states will affect the energy bands in the vicinity of the surface.

An acceptor sfate introduced below the Fermi level will acquire electrons

from the conduction band. Thus, the surface becames negatively ‘chArged and
»-a. positive space charge region farms beneath it bending the bands upward
until overalll charge neutrality prevails.  This process is illustrated for

a surface state at E; in Figure 8. Analogously, donor-like states intxodﬁced
above the Feimi level cause a downward bending of the energy bands at.the sur-

face. The extent of the space charge region is characterized by the extrinsic

Debye length L,
ekT 1/2

L=1 _———_q?- (o) ]

- where ¢ is ﬂ1é dielectric constant of the semiconductor.

’ (6)

An energy-level diagram indicating the various parameters used
- to characterize the surface space charge region for an n-type semiconductor

is shown in Figure 9. Assuming a homogeneously doped semiconductor, the

bending down of the energy bands at the surface indicates an accumulation
of electrons fomming a negative space charge region. The potential is de-
fined by q¢ = EFQEi'. " The poténtial barrier with respect to the bulk is V =
$=bpr .a.nd at the surface the barrier height is Vg = b=y, For convenience
two dimensionless potentials are defined:

. U= qy/kT; v = qU/KT. |
When v < = 2 w, an mveréion layer exists. If the disturbance to themal
equilibrium is small campared to even the mJ.norJ.ty carrier density, then |
the starred energies and potentials defined in Equation (5) will approach
the thermal equilibrium values defined above. However, in the éase of optical
generation due to the solar flux this approximation is not justifiéd.
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Tﬁe equilibrium value of ug is determined by the requirement for
vcharge neutrality between the surface states and the épace charge region:
of the semiconductor: Qgs
sity (per unit area) and Q. is the space charge density. The superscript

+ Q(s)c = 0; Qgg is the surface state charge den-

zero refers to the absence of any external field normal to the surface.
Under thermal equilibrium conditions,

oJ = a N, £@E5), o

Qgc=q(nb+pb) Ir, . (8)

The Fermi distribution function is

f(Ei) _ . S R | )
1+ exp {+ [(EL - £y /KT - u )

‘where the positive sign refers to acceptor-like states and the negative
sign to donor-like states. The function Fg 1s derived from Poisson's

Equation assuming nondegenerate statistics:

1/2
Fs(ub' vg) = /2— [cos:os(;ibl;- - = Vg tanh ‘1/] ’ . (10
- Acceptor-like states contribute negative surface charge.
. By Equations (7) and (8),A the equilibrium surface potential is
'deteﬁn'ined, in principle.
Now consider the situation in which an electric field is applied
nomal to the surface, perhaps by placing a plane electrode close to the

semiconductor. An external potential between the field electrode and the
29 |



bulk of the semiconductor will induce an electrode charge Qy which must be

equal to the Ogg + Qg
Qya =7 (o, +p) IF_F N £(E) an)

The sign of the first term is that of Q. (negative for vg > 0). Acceptor-
like states employ the minus sign before the second term. Obviously, Eq. (11)
is difficult to solve for u. The rate of change of vg with respect to the
induced charge Qu is obtained by differentiating Equation (11)

dvg  _ -1 (12)
dlg /e  (op + pL|dFg/dvs| + N |af (E)) /v, |

Equation (12) demonstrates the "anchoring" effect of a large surface state
density N_.. The derivative |af (Ef_:) /dv,| is greatest when the Fermi level
. Ep passes through Ef_. similarly, accumilation and inversion layers exhibit
anchoring since |df s/dvsl varies eprnentially with v, in these regimes.
An n-type semiconductor with a surface-state induced accumulation
layer is considered in Figure10 to demonstrate the effect of an external
~ electric field upon the surface potential. A set of uncharged acceptor
| states are assumed to exist above the Fermi level in Figure 10a. With the
application of a field directed from the electrode to the surface, majérity
carrier accumulation rapidly increases the space charge at the surface as
shown in Figure 10b. The acceptor levels are now below the Fermi level and
begin to trap electrons from the conduction band. After equilibrium is

achieved, the energy level diagram is that of Figure 10c.
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An extension of the electrode-dielectric semiconductor situation
would include the presence of stationary charge in the bulk of the dielectric.
The distribution of bulk and surface charges is illustrated by Figure 11, in
which Q,y represents a general charge distribution within the dielectric,
Pox (X) . Again charge neutrality requires that Oy + Qox + Qgg + Qge = 0.

Perhaps at this point it would be beneficial to review the nature
of the insulator-semiconductor interface by considering the exﬁensive work
on thermally oxidized silicon surfaces. Besides the possibility of fixed or
mobile ions in the bulk of the axide (Qox in Figure 11), the interface region
is associated with various types of charges and states. The fast surface
states have already been discussed with respect to their relation to surface
recambination. Usually they are symbolized by their surface density Ngi, and
the amount of charge contained for a particular surface potential has been
previously denoted in this work by Qg+ .

A second characteristic of the §i0,-Si system is tl\me existence of
a fixed charge located within 200 A of the interface. This fixed charge
density, Qfc, is a strong function of the oxidation and annealing conditions,

and the orientation of the silicon crystal. Goetzberger, et.al.24)

hypothesize,
as the result of experimental observations, that this fixed charge, which
appears to be due to excess ionic Si in the oxide, actually induces the sur-
face states, Ng.. The coulombic field of the oxide charges is assumed to

give rise to localized donor or acceptor states. This hypothesis requires

the accumulation of more experimental evidence to put it on firm grounds.
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Another source of charge near the interface is the drifting of
mobile ions to this region as the result of a suitable bias electric field
(usually at temperatures somewhat above room temperature) Drifting alkali
ions have been a considerable problem in the developnent of stable oxlde—
pa551vated device st.ructures.

Under blas conditions a positive space charge of trapped holes
near the oxide-silicon interface results fram exposure to ionizing radia-
tion. | |

Thus, for a more general situation, the charge density Qgg
shown in Figure 11 would be the sum of surface state charge, fixed charge,
Jmpurlty ions and ionized traps. |

| Swystun and Tickle?S) cbserved an instability in field-effect
transistors fabricated with vacuum deposited SiO, as the gate insulator.
This instability was observed as a voltage shift in the traneistor transfer
cha.racteristics after bias-temperature stressing. The results are accounted
foxfl by a model in which mobile ions are located predaminantly in traps at
the 10, interfaces (metal and semicanductor).

So, having related the surface recanbination velocity to the
surface potential in Equation (5), and the surface potential to an external
electr:Lc field at the surface, it is now possible to consider the control of _
s by an external field. As mentioned previously, the equ.lllbrlum surface
potential of a surface with a high density of slow states is effectively
anchored against the influence of an external field. Thus, the early
- measurements of etched Ge and Si utilized pulsed or high frequency techniques
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to obtain large deviations of ug fram its equilibrium value. Simultaneous
measurement of the lifetime and change in conductance of a filamentary
sample subjected to a transverse electric field is one method used to de-

26,27) . The reverse satﬁration current

termine the s vs. ug characteristics
of a thin planar diode has also been used in conjunction‘with a sinusoidal
field to measure the surface recambination velocity in Ge and 5128,29,30)
Rosier?3) used a forward-biased planar- diode to study the inversion region
recanbination velocity and surface state characteristics of Si-thermal 510,
interfaces. Goetzberger and sze3l) present a review of the methods incor-
porating MOS devices to study surface characteristics by means of capacitance-
voltage measurements. With this method no information is obtained conéerning
the surface recombination velocity.

In Figure 1221)

the relative value of surface recambination velocity
as a function of ug - u, [see Equation (5)] is shown for a discrete surface
state level at E . Figure 13 shows the experimental results for the dis—
tribution of surface-state density at a Si-SiO, interface cbtained by

4
Goetzberger, et.a.l.2 ). Fra.nkl32)

disagrees with the simple interpretation
of data used to obtain the state densities indicated near the band edges.
Cbviously, the behavior of S/Spax Shown in Figure 12 becomes more camplex
when density distributions like those of Figure 13 are analyzed.

It should be recalled that the Fg(w,, vg) function defined in
Equation (10) is valid only for nondegenerate conditions, both in the bulk
and at the surface. An extension for degenerate surface conditions is

made in Chapter 4 of Reference 21.
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Surface Recombination in a Solar Cell

The extensive, although somewhat idealized, solar cell efficiency
calculations by Ellis and Moss'l) will be considered here. They have -
assmned constant values for mobility, diffusion length and electric field
throughout the surface region. Nondegenerate impurity concentratlons have
been chosen for the diffused surface layer of the cell. With these condi-
tions their short circuit current density contribution due to the surface
layer absorption of photons is given by Equation (3).

When the cell is operating at forward bJ.as, the junction currents
| must be subtracted fram the short-c:.rcult current. One contribution to the

forward—blased junction current is the diffusion current Jq expressed as

Jg = Jo [exp (qv/kT) -1],
where J, = J% + J;, the diffusion current components from the surface and
base regions, respectively. (It should be noted. that V is the bias on the ._
junction which may be greater than the external load voltage due to the
effects of series resistance.) Jo is also dependent upon the surface recambi-
nation veloeity: |

+
Jdlff + j H (13)

B} g (14)

]+ = B D { f[f sinh fa + (s/DrL+ B) cosh fa] _
© °p (S/D + B) sinh fa + f cosh fa-

The second contribution to the junction current is the recambina-

tion of carriers in the junction region, Jrec' This current, which does not
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depend upon s, is considered to be responsible for the observed'eqv/ AT

(1 < A < 3) behavior of the forward current of the solar cell operating
as a diode.

From Equation (3) b it is seen that surface recambination
enters in the factor (B + S/Dp) » or (qBg/2kT + s/Dp). With a junction
depth of 0.3 ym, and an exponential impurity concentration graded from 1019
an~3 at the surface to 1016 an 3 at the junction (neglecting degeneracy;
p-type base region doped to 1 ohm-cm) the electric field Eg is 5770 V/cm.
Thus, B becomes 1.16 x 10° an i, Assuming the values s = 103 an/sec, .Dp =

3l Thus, the term involving s is neg-

1 cmz/sec, the ratio s/Dp = 10
ligible under the conditions assumed above. Unfortunately, Ellis and Moss
do not perform efficiency calculations for the case of an electric field

in the surface region for Si cells. Their results for a constant donor
concentration (n-on-p cell) are shown in Figﬁre 4., The difference between
s=0and s = 103 an/sec does not becaome significant until the junction
depth exceeds 1 um.

The insensitivity of cell efficiency upon surface recambination
in the absence of an electric field in the diffused region illustrated in
Figure 4 is attributed to the dominant base region response of a Si solar:
cell (because the electron diffusion length is so great).

For the material parameters and electric field suggested by

1 1

Figure 5 for Gaas, s/Dp =+ 10° am © vs. 8 =3 x 104 anl. In this situation

the surface recambination is predaminant over the effect of the electric

field.
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Experimentally, the cell parameter which should be cbserved to‘
determine the effect of altering the surface recombination velocity is the
short circuit current. Since the surface ..'r:egion response is being studied,
sPectral measurer}ents should be made at the shorter wavelengths to determine
the variations in collection efficiency.

The proposed approach to modifying the surface recambination
Veloc1ty is shifting ﬂ'le surface potential by means of an external electric
| field. This field is to be introduced by ion J.mplanting a fixed positive
charge in the oxide antireflection coating. Under this condition the n-type
siliccn surface inf:erfaced withthe oxide will tend to accumulate, the total
oxide charge being equated tothe sum of the surface state charge and the
- semiconductor space charge. |

Another method of experimentally abtaining the desired external

field is to place a transparent conducting electrode upon.the surface of
.the ox_1de layer. In the absence of any charge trapped in surface states
the space charge induced in the semiconductor surface (charge per unit area)
will be Qsc = eoxBoxr Where eg, and Eox refer to the oxide permittivity and
electric field, respectively. If the relative dielectric constant of the
oxide is 3.9 and the breakdown field strength = 2 x 10 V/am, the maximum

: mduced space charge 1S Qsc(max) = 6.9 x 1077 c/an?.  The Shlft in surface
'potentlal can be cbtained by referring to Equation (8). If the bulk elec-
tron concentratlon is assumed to be 1018 o3 (approxnnately the limit of
nondegeneracy, L= 40 A) » then Fg = 10.75. Entering Figure 4.7 of

Refexence 21 (see Figure 14) with this value of Fg (with w, = 4) yields Vg=4.3.
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This graph of Fg vs. vg takes into account degeneracy in the space charge
~ region. As indicated following Equation (11), the case of additional
charge present in surface states is, in general, untenable. For degenerate

34)haVe integrated Poisson's equation to ob-

values of ny,, Seiwatz and Green
tain an expression for Fg. This expression requires tabulated Fermi in-
tegrals.. | |

Variations of surface recambination velocity due to an ad:ernal '
field have been cbserved experimentally, However, the results are often
difficult to explain with the simple models presented above. Henisch, et.al.2’
measured s for etched n- and p-type germanium surfaces. The field plate was
J'.nsﬁlated fram the surface with mica. In both types of materiél s was ob-
served to increase for positive plate voltages. Fram this they concluded that
the recombination process is dependent on the electron concentration at the
surface. A similar arrangement was used by Snitko®>) to observe surface
recambination in etched n-type silicon. The surface recambination velocity
Was determine by the relaxation of photoconductivity after a light pulse,

‘As can be seen in Figure 15, the values decrease with increasing positive
voltage on the field plate (opposite to the germanium experlments mentioned
above) .

In the preceding analyses the semlconductor was assumed to be in
thermal equlllbrlum. Any dlstu.rbance that results in carrier excitation
generally modifies the surface space charge. However, as long as the excess
majority carrier density is much less than the equilibrium value 'n5, (low-~
level injection) this modification can be considered negligible. This is

the situation in a solar cell under normal illumination.
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ION IMPLANTATION

Ion implantation is the introduction of atams into the surface
region of a solid substrate by bombarding the solid with high energy (kev~
MeV) ions. The theoretical and experimental aspects of this process are
Covered extensively in the bock by Mayer, et.al‘.35). Typically, ions of
the banbérding species aré accelerated in a vacuum and mass-separated by
a magnet before impinging upon the substrate surface. Factors affecting
the final implanted distribution are the mass and energy of the incident
ions, and the atomic mass of the substrate material. As the incident ion
strikes the substrate and slows down, it experiences many collisions with
the host lattice, displacing the lattice atams in the process. The result
is a region of vacancies, interstitial atoms, and other types of lattice
disorder around the track of each ion. If the density of these tracks
is sufficient to cause overlap, an amorphous surface layer is created.

| Generally, it is possible to anneal the lattice damage at
elevated temperaturesvwhich do not cause significant diffusion of the
‘impurity ions. This annealing is especially important when implantd ions
are to behaye as electrically active dopant atoms in a semiconductor device.
If the implanted density is sufficiently low to prevent an amorphous region,..
the disorder can be annealed continuously by heating the subétrate (v 300°C
for Si) during implant.

Ion implantation has been used as a general technlque of semi-
conductor device fabrication and has been applied in the areas of solar

36)
cells, radiation detectors and MOS field effect transistors. Burrill, et.al.
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describe the production of n/p Si solar cells with AMO efficiencies greater
than 9.3 pér_wcent by implanting variable energy phosphorous ions into Al-
doped substrates. Reduction of the gate-drain capacitance in a MOS field
effect transistor has been achieved by using the aluminum gate electrode as
a mask durjng the ion implantation of the source and drain regions37) . In
this situation, the dopant ions are implanted into the silicon substrate
through the oxide layer.

One feature of ion-implanted silicon surfaces is the appearance

of a hazy ormilky color3>),

Two proposed mechanisms for this visual change
are Rayleigh scattering by small disordered regions3®) and a change in re-
flectivity due to-a change in the average dielectric constant39) . Peaké
in the optical reflectivity in the 3-6 eV range are considerably reduced
by implanting 1013 ions/cmz. However the latter reference does not extend
the spectral measurements of reflectivity into the visible region. Of
ooursé, these two mechanisms are correlated to Si surfaces, but presumably
similar effects due to lattice disorder would be present in other materials.
Annealing at elevated temperatures returns the optical reflectivity to
essentially its pre-implant value, unless the. implant density is sufficient
to cause surface pitting. |

Theory pfedicts that the concentration profile of implanted ions
is a Gaussian distribution characterized by a projected range Ry, and a
standard deviation ARp. Thus, the density N(x) (number of ions/cm3) at

a distance x fram the surface is

N(x) = Npay exp [- (x-Rp) 2/2AR§], (15)
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where N, is the maximum density at the peak of the distribution. Nmax .

can be obtained approximately fram

Npax = Nj/Y21 AR, ,

where N; is the total number of ions implanted per unit area. These
equations are first-order approximations for the regibn within a few AR,
of the peak at Ry, particularly in an amorphous substrate. When the inci-
dent ion beam is directed along one of the major axes of a crystalline
| substrate, nuclear energy losses decrease and the ion penetrates relatively
more deeply than Rp before caming to rest. This process is known as |
channeling. A secondary peak occurs in the distribution profile. This
channeling is difficult to analyze theoretically and control experimentally.

The range of a given projectile, écpmssed in units of mass/cmz,
varies only slowly withthe atomic number of the 1arget.' Thus, for the
case of 5iO, on silicon, the SiO, layer can be converted tov an equivalent
thickness of silicon for distribution calculations. Since the mass den~
sities are so similar (2.33 gn/em® for Si vs. 2.27 gm/an® for Si0y), it
is assumed in this research that the two materials behave identically with
respect to the bombarding phosphorus ions.

| A plot of the camputer calculations of Johnson and Gibbons

(Reference 35) for phosphorus ions implanted into Si are shown n_n Figure 16.
To aid in visualizing the distribution, the full-width at haif-maxjm;lm,
Ry 18 given rather than ARp, where Rim =. 2.36 ARp. The information in

Figure 16 was used to detemmine the phosphorus ion distribution in ‘the
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solar cell structures in the current research. Flg‘ure 17 represeﬁts a
normalized Gaussian distirbution with the abscissa in units of Ryme

The amount of charge implanted into the insulating oxide layer
is determined by the integral for Qox:

Qux = 4 fd NG ax, | (16)
x=0

where N(x) is given in Equation (15), q is the electronic charge, and d
is the thickness of the oxide layer. By letting the upper limit in the
: J_ntegral go to infinity the total implanted charge is determined.

Referring again to Figure 16, placing the peak of the ion dis-
tribution at the center of a typical 700 A thick oxide layer wouid require
3 28 KeV energy, resulting in a Ry of 280 A (¢R, = 119 A). From Figure
17, the density of ions at the $i0,-Si interface will be 102N . For
this éxample more than 99% of the implanted charge is within the oxide
layer [see Equation (16)). By Gauss' law the maximum electric field

in the oxide, which appears at the S5i0y-Si interface, will be
E . (max) = Qux’ox = AV, €oxc ! (17)

where coy is the axide pemittivity. For N, = 1013 an2, Ey (max) be-
comes 4.6 x 10° v/an.

During ion implantation, ejection of substrate atbms (sputter-
ing) occurs. Southern, et.al.40) measured the sputtering yield of metals
and single crystal Si and Ge targets bambarded with 1-5 KeV argon ions.

The sputtering yield of Si (atams/ion) approached 1.3 for the highest
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energies in their study. if this result can be applied approximately

to Si0; bambarded by phosphorus ions in the 20-30 KeV energy range, then

roughly one atamic layer will be sputtered off with the incidence of A6 X

101 ions/an? (510, ~ 2.33 x 1022 atoms/and).

Contrary to the sputtering effect is the observed elevat:i_.on of

- the surface of ion-irradiated materials?l). This volume expansion is

‘attributed to the highly disordered region at the peak of the impurity

distribution at a distance R, beneath the relatively undamaged surface.

Silicon implanted with 400 KeV Xe ions a(periencéd an expansion of 3l0-

125 A over a fluence range of 1013 - 1016 ions/cmz.

In the present research, it is desired to implant a fixed charge

in the deposited 700 13 §i0, antireflection coating on the surface of a

production n/p solar cell. Phosphorus ions are chosen because of the

ease of plasma generation, relative immobility in the 8i0, and campatibility

with the surface layef doping. Experimental variables are the position of

~the peak of the ion density distribution and the total implanted charge.

Several aspects of the ion implantation process limit or affect
the proposed benefit of reduéing the surface recambination factor which
degrades solar cell efficiency.

1. The effective charge in the oxide must be limited to a quantity which
does not cause dielectric breakdown. Presumably an ‘exce‘s'sive electric
field at the oxide-Si interface would result in same mechanism such as
tunneling of electrons fram the silicon to neutralize the implanted

ions near the interface.

49



2.

An mtaﬁgible quantity is the energy and density distribution of the
surface states at the surface of the diffused layer. It is well known
that high concentrations of impurities will cause lattice strains which
not only reduce bulk lifetime, but also contribute to surface states.
Local precipitations of diffusant or diffusant-silicon complexes should
be considered as well. How well the post-diffusion etch will improve
these conditions is unknown. Similarly, apparently vacuum-deposited
5i05 has not been studied with regard to its influence upon a silicon
surface.
Possible damage to the silicon surface and bulk due to the tailing of
the ion distribution may actually increase the fast surface state den-
sity. Gianola??) has measured the surface recombination velocity by
the photamagnetoelectric technique of silicon bambarded with 30 KeV
helium ions. It was found that the surface recambination velocity
increased by 50 times. Snow, et.al.43) examined the effects of high
and low energy electrons, x-ray and ultraviolet radiation on Si sur-
faces. One interesting point is the annealing by ultraviolet light
(energy > 4.3 eV) of the x-ray induced oxide space charge. There is a
rather sharp annealing threshold at the 4.3 eV Si-Si0, barrier enerqy.
Thermal annealing becomes apparent at temperatures above 125°C.

The volume density of implanted ions at the Si-5iO, interface is
down by a factor of one hundred fram the peak density for a Gaussian
ion distribution centered in a 700 A cxide layer. For an implant dose

of 1012 an™2, this density at the interface is = 3.5 x 106 cn=3.
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Implantation would be expected to decrease the Si bulk and surface
lifetimes because of the residual lattice damage. Thermal amnealing
simply converts the implanted ions (P* in the present investigation)
into additional donor centers in the silicon. However, the rela-
tively high annealing temperatures required (400-500°C) would pro-
bably eliminate the oxide charge distribution as well. |

A final extraneous feature of the oxide processing is the alteration
of its optical properties. Thickness changes may occur as a result
of sputtering or expansion dquring bombardment. An increase in
scattering and a change in index of refraction are the consequences
of introducing an impurity into the axide. These parameters ccontrol

the antireflection nature of the oxide layer.
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NATURE OF EXPERIMENTAL INVESTIGATIONS

Same of the experimental questions which need to be answered in
an investigation of the contribution of surface or interface recombination
losses in the surface n regioh of n on p solar cells using charge intro-
 duction by ion implantation into the oxide antireflection coating to moni-
tor charge effects on surface recambination include the following:

1. What is the value of ﬂleAfactorinthelzloe.pr]—%
relationship characterizing the cells investigated; that is,
what role do junction recambination currents play in control-
ling Ig~- of the cells.

2. Does the method of charge introduction into the oxide
actually produce negative or positive charge effects which shift
the surface potential. MOS capacitor measurements on implanted
and nonimplanted oxides will reveal by the shift along the
voltage axis the quantity and polarity of charge that has been
introduced into the oxide.

3. Will illuminated transparent electrode—insulator—soiar cell
structures show variation in solar cell efficiency as a
function of applying positive and negative voltages across
this MOS structure. If surface potential variation by in-
duction is effective in changing Ngt occupancy and surface
recanbination velocity, this experiment should show changes in

Igoc with applied voltage.

52



With such information available for validation and reference,
ion implantation of charge at various depths into the oxide layer and for
various dosages along with measurements of Igy~, Voc and I-V integral re-
sponse characteristics and spectral response characteristics before and
after implant with particular attention focussed on the blue response '
region can be conducted to obtain data which should be interpretable as
to whether charge introduction by ion implantation will produce an increase
or decrease in the blue response efficiency of solar energy conversions by
the Si solar cell.

The experimental investigations undertaken in this preliminary
study were directed at providing the above types of information. |

These investigations are reported in this order in the follow-
ing sections. First however, the experimental apparatus, procedures and

techniques are described.
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EXPERIMENTAL APPARATUS AND PROCEDURES

Nonilluminated Cell Current-Voltage Measurements

Nonilluminated Si solar cell I-V characteristics were measured
by varying the forward bias on the cell as shown in Figure 18. The contact
jig for the cell was the same one used in recording the I-V characteristics
of these cells under various levels of illumination in order to determiﬁe
the series resistance. These illuminated I-V characteristics were re-

corded with a X-Y plotter to facilitate the series resistance calculation.

MOS Capacitor Measurements

When the bias voltage on a metal-oxide-semiconductor (MOS)
capacitor is varied, the resulting capacitance-voltage characteristics for
an ideal device will analytically depend upon the uniform impurity density
in the semiconductor, Ng» and the oxide thickness, Xoe A significant
point on the C-V cﬁrve is the value of capacitance for which the semicon-
ductor surface potential is zero, i.e., fhe energy bands are flat fram
the bulk to the surface. Ideally this occurs for a zero gate bias voltage,
Vg = 0.. If the semiconductor doping and oxide thickness are known, it is
possible to calculate the ratio of the flatband capacitance to the oxide
capacitance, CFB/Cox3l)- In experimental devices the CFB/Cox ratio does
not appear at zero gate bias. This is the result of a metal-semiconductor

contact potential, surface charge at the oxide-semiconductor interface and

charge in the bulk of the oxide. This latter effect results in a flatband
voltage shift of
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Mg = - f —o(x) ax, | (18)
OX o}
0

where Cg, is the oxide capacitance per unit area, x is distance measured
into the oxide fram the metal gate electrode, and p (x) is the volumetric
charge distribution within the oxidelz) .

By assuming the Gaussian distribution of implanted positive
ions in the oxide it is possible to calculate the flatband voltage shift
due to the ixnplanted charge.

N-type 1-4 ohm-cm polished Si wafers were oxidized in dry
oxygen at 1050°C and quenched in nitrogen gas. The resulting thermal
oxide thickness was approximately 1000 A by comparison with oxide color
charts. Gold was evaporated and alloyed into the back Si surfaqe. Sections
of these wafers were ion implanted at various energies and fluences. Alumi-
num dots 0.5 mm in diameter were evaporated through a mask to form the gate
electrode after implantatioﬁ. |

Capaci tance-voltage measurements were performed on a Boonton
Capacitance Bridge 74C-S8 (100 KHz) which contains a variable bias supply.
In some cases the wafers were heated, either under bias or open-circuited,
to various temperatures to determine the stability of the implanted ions.

The contribution to flatband wvoltage due to the contact potential and

surface state charge was determined by measuring nonimplanted MOS capacitors.

Transparent Field Electrode-Insulator-Solar Cell Structure Measurements

By applying an electrostatic field normal to the surface of an

illuminated solar cell, it is possible to dbserve the effects of surface
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~ potential variations upon the cell output characteristics. Presumably,
since surface potential variations are expected to alter the diffused
region short-circuit current via changes in recambination velocity, the
output parameter to be cbserved is the short-circuit current due to short
wavelength (blue) oétical excit';ation. The maximum variation' in surface
potential will be determined by dielectric breakdown, and the density
 and distribution of semiconductor surface states.

A liquid electrolyte was first tried as the field electrode on
the oxide-coated solar cell. A small glass tube (v 7 mm I.D.) was waxed
to the cell to provide an electrolyte reservoir. It is necessary to in-
sulate the cell surface contact grid fram the electrolyte solution.
Various waxes, photoresists and resins were tried but conduction still
occurred between the electrolyte and the cell surface. It also appeared
that the oxide layer had pinholes which foxméd conaucting electrolyte paths
to the cell surface.

Ancdic oxidation was considered as a remedy for the pinhole
problem, but a suitable coﬁtact grid insulator was still necessary in order
to anodically oxidize any appreciable area of the cell, as well as during
the application of the electric field. |

Because of the above difficulties, the liquid électrolyte field
elecﬁrode was discarded in favor of a glass plate with a transparent '
electrically condﬁcting coating (Cér_ning Glass Works). A contact grid in-

sulator was still necessary; this was either 1/2-mil Kapton or approximately
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1/2-mil mica. Silicone oil was used to improve the dielectric éontact to
poth sides of the insulating spacer. The cell current was measured under
tungsten lamp illumination (and various filters) as the voltage applied to
the field electrode was varied; The experimental configuration is shown
in Figure 19. Cell ocutput was measured across the 15-ohm load resistance
with a Leeds and Northrup K-3 potentiometer.

 Besides the n/p Si solar cells supplied by JPL, we also had
available some p/n GaAs solar cells. (approximately 7% efficiency).

Most illuminated measurements were made with a blue CS 5-61

glass filter (Corning Glass Works).

Ion Implantation Apparatus

The ion implantation apparatus employed in this research is
shown schematically in Figure 20 and in perspective in Figure 21. The
target holder is shown in Figure 22. The phosphorus source is powdered
red phosphorus which is heated by means of a tungsten halogen lamp in a
focusing reflector to increase the vapor pressure. An external coil
ocouples a 12 MHz oscillator to the vapor to produce ionization. Focus-
ing and defining apertures form the accelerated Pt ions into a 5 mm-
diameter beam at the substrate plane. Since the amofphous SiO2 layer on
the solar cells stops (and scatters) the majority of the ions, no attempt
was made to angle the solar cell with respect to the incident beam in

order to reduce channeling effects.
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System vacuum of 107>

Torr with the plasma are obtained with an
oil diffusion pump and liquid nitrogen cold trap. Additional liquid nitro-
gen trapping surrounds a portion of the implantation chamber. A feed-
through electrode connects the plasma to the variable high voltage power
supply. The drift tube and substrate are at ground pofential. Since the
ion current is fairly constant, it is possible to obtain the quantity of
implanted charge fram the product of implantation time with the current
in the microammeter coupling the insulated sample holder to ground. The
indexed rotating vacuum seal enables up to six samples to be implanted
during a single pumpdown.

Previously, the system described above has been used in
studies of phosphorus~ion—implanted cas?4). |

Power Supply for I-V Monochramator Measurements v

The power supply used to provide power for the lamps used iﬁ
" both I—V and monochromator measurements is shbvm in Figure 23. The 10A
.autotransformer controls the line power up to 1 kW. The 5A is connected
in parallel such that a fine adjustment is possible by connecting 110 V °
to a 6.3 V transformer in series with the main power line.

An ammeter with a mirror background is in series to help obtain
accurate readinés of the line current. A Sola constant voltage trans-

former is used to eliminate small fluctuations in the line voltage.

Set Up_for Monochramator Measurements

Monochramator measurements were made on all cells as shown in

Figure 24. To have a uniform beam over the face of a solar cell, cells
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ére separated by 4-3/4" fram the monochramator exit slit guided by a
cylinder painted black inside. Cells are mounted at the end of the
cylinder. ‘ |

- An Eppley" thermopile was used to calibrate the system and a
Kelthley 148 nanovoltmeter was used for the measurements of cell response.
All the connectmns and wires are appropriately shielded from the en-
viromment during the measurements. A photograph of the arrangement is

shown in Figure 25.

I-V Measurement Apparatus and Method

OCV, Igy and I-V measurements were made as shown schematically
in Figure 26. A secondary standard cell and a test cell are mounted on
the same brass holder with a relatively large volume to provide a heat
sink. These are connected with a switch S,' which allows a qﬁick check
with the secondary standard cell of the flux level whenever necessary.

The secondary standard cell was calibrated with a standard cell btained
fram JPL. |

‘The short circuit currents are measured by extrapolating currents
through the set of calibrated resistors ranging in values fram 19-99 under
139.6 mi/cm® sec radiation level. |

Two 1.5V batteries in series with 1 K, 10-turn potentiometer,
is used as a cell biasing circuit for X-Y recorder plots of the I-V
characteristics_. A 27 Q resistor in series with a ‘sola.r cell is used to
determine cell cu.rrent A photograph of the arrangement is shown in
Figure 27. Figure 28 shows a close up view of the sample and secondary

standard cell holder along with the standard calibrating cell and lamp.
67



89

\.fﬁ

SUN LAMP
GE 39. Ikw
HIGH INTENSITY LAMP

|5V —/
Lk
1 __9§ |0- TURN
L5V 7 POTENTIOMETER
’ 270
—ANN—
MOSELEY of—
7005A —= —T— TEST CELL
X-Y RECORDER  g—p 5 o N
S /§
J—_
STANDARD CELL

—

— —

- KEITHLEY 602
ELECTROMETER

—
ACCURATE RESISTANCE SWITCH
1-982

Figure 26. Circuit diagram for OCV, Igqe and I-V measurements.



69

Reprod

uced

from

Figure 27.

Set—u
p for OCV
+ Isce, and I-V meas
urements




0L

Figure 28.

Close-up view of OCV, Igoc and I-V measurement set up.




Apparatus and Technique for Measurement of Reflectance

Since implantation can change the spectral behavior of the cells, |
Teasurements were made using a Cary 14 spectrophotometer to determine re-
~ flectance changes after ion bambardment. Measurements were made by.prc‘Jvid-
ing the sample beam with a reflectance attachment. The only slide wire
avéilable ~at the time was for abso:f:ba.nce A, where A = 1n 1/T, and.T. is
the transnitted,of fo;: our case, the reflected beam. No means were available
however, to obtain a measurement of the amount of incident radiation scattered

from induced defects in the oxide or silicon surface layers.

71



EXPERIMENTAL RESULTS

Nonilluminated Cell I-V Characteristics

In previous experiments in which the current-voltage character-
istics of the solar cells under various levels of illumination were re-
corded, the series resistance was found to be considerably less than 1 ohm.
Thus, no correction was applied to the nonilluminsted I-V data for series
resistance. In some cases the data was obtained with a high input impe-
dance battery-operated voltmeter or a d'Arsonvél ammeter.

The V vs. log I data for the nonilluminated cells is not linear

in general. The value of A in the expected I I, exp (QV/AKT) relation-

ship was calculated at room temperature and V = 0.45 volt. For the three

cells measured, this A value was greater than two. I-V characteristics
for various cells and the A value at V = 0.45 volt are shown in Figure 29.
The A values are compared with previous reports for n/p cells in Table 1.
A recent camunication* indicates that the measured A value for this type
of cell actually lies in the 1.3-1.35 range. No explanation is presently
available for this discrepancy, unless it is a consequence of neglecting

the series resistance or perhaps an unrecognized circuit factor..

MS Capacitor Measurements

By comparing the ratio of minimum capacitance in inversion to
the axide capacitance (strong accumulation), the best fit of experimental

data occurs for x, = 1000 A, Ny = 1 x 1015 cu-2 31 _
S r8a T X cm . From the ideal MOS

curves45) CE'B/Cox = 0.7. Aluminum on n-type Si with Ng = 1015 cm—3 has
a contact potential of - 0.32 voltBl) .

* Dr. Richard Stirn, JPL.
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Figure 29. Forward current-voltage curves for Si solar célls.
A-values determined at V = 0.45 V.
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TABLE 1. VALUE OF A IN CELL I-V REIATIONSHIP

A ‘ Cell Reference
1.95 n/p, Mandelkorn (2)
> 2 n/p, Wolf | (48)
2.4-3.0 n/p, Centralab This research

TABLE 2. INFLUENCE OF HEAT TREATMENT UPON FLATBAND VOLTAGE

Heat Treatment Total AVpp (volts)
 Initial - - 10.5

10 hr @ 63°C - 9.5

10 hr @ 106°C - 5.5
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'In Figure 30 are the results of C-V measurements on unimplanted
MOS devices. With Cpp/C,, = 0.7, a flatband voltage shift of -2 to -3
volt is apparent. Implanted MOS devices are illustrated in Figmfe 31 for
various energies and fluences. The additional negative flatband voitage of
devices in Figure 31 over that in Figure 30 is attributed to the implanted
positive charge in the oxide layer. Distortion of the C-V curves is due to
fast surface states. Included in both figures is the ideal MOS C-V curve
for Xo = 1000 &, Ny = 1015 am3, | |

Heat treatments were perfonmd in order to determine the thermal
stability of the implanted charge. One 20-KeV implanted device had a
total flatband shift of -13.3 volts. After heating in N, at 420°C for
15 minuf.es,‘ the flatband voltage was alte}redbto -1.0 '{;olt; essentially
the same as an unimplanted device.

Device 2-4-4 (see. Figure 31) was heated in the atmosphere while
open-circuited. The changes in total flatband voltage are shown in Table 2.
The changes occurring in the total flatband voltage of unimplanted devices
during the treatments listed in Table 2 were not significant. (Device
2-4-6 in Figure 30 is fram the same chip as device 2-4-4; the unimplanted
flatband voltage is = - 3 wvolts.)

Device 30-1 was bias-temperature cycled by applying a constant
.vo.ltage thile heating in the atmosphere to 100°C, removing the bias after
the sample had cooled to room temperature. With a negative gate bias the
charge distribution in the oxide will tend to drift toward the gate elec-i

trode, reducing the magnitude of AVpg. A positive gate bias will increase
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Figure 30. Capacitance vs. voltage for unimplanted MOS capacitors.
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|AVpg| by drifting the charge distribution closer to the oxide-silicon
interface. This effect is demonstrated by following the bias-temperature
sequence in the C-V characteristics of Figure 32. Curve D was plotted
after 40 days of open-circuit room temperature storage. Also observed
in the history of device 30-1 are apparent changes in oxide capacitance
(heavy accumulation, Vg = + 50 volts).

Calculated flatband voltages using Equation (18) did not agree
favorably with the observed values. Both higher and lower values were
calculated for the various implanted samples. In the case of device 30-1
(see Figure 31) for which the oxide-charge induced Av};B is -22 volts, the
calculated AVpp was - 282 volts. The fluence in this case was 2.4 x lO14
ions/cmz, a value about ten times higher than that predicted to produce
dielectric breakdown at the oxide-silicon interface.

Effects of Illuminating of Transparent Field Electrode-
Insulator-Solar Cell Structures Under Various Applied Voltages

The external electric field dependence of the cell output was
observed by changing the polarity of the transparent electrode with
respect to the cell surface contact. Voltages on the order of 200 volts
were applied without dielectric breakdown. For the 200-volt electrode
polarities no change in the Si cell current was observed. (Microvolt
voltage differences can be detected with the K-3 potentiameter.) With
‘the p/n GaAs cells, current changes of ~ 2 x 10"7 A (average current =

4.5 x 107> A) were observed; the current increasing when the field
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electrode was negative (accumilation). No changes in output were observed

for nonilluminated cells (zero average current).

Investigation of Effects of Phosphorus Ion Implantation
Into Oxide Antireflection Coating

In this section, a discussion is given of the implantation con-
ditions and measurements made on the silicon solar cells received fram JPL.
The selection of the experimental conditions was consistent with the cbjec-
tive of the work which was to make a precursory examination of improving
silicon solar cell response to blue light by implantation of charges in the
oxide of standard cells. Additionally, selection was based on the amount
of time allotted and also allowed expenditure. Although the latter limited
the approach to be taken, the data accumulated does however, allow for in-
terpretation and discussion. Annealing of samples could not be done because
the cells used were preﬁously contacted. Therefore, any damage in the oxide

and the diffused layer could not be removed.

Calibration, Experimental Accuracy and Reproducibility

. During the course of data accumlation, emphasis was placed
primarily on reproducibility of measurements although the accuracy was of
considerable concern. Constant energy from the B and L monochromator was
obtained by leaving the entrance and exit slits set at 3.5 and 2.0 mm,
respectively, for all wavelengths and adjusting the bulb temperature.

This permitted spectral purity and resolution to more approximately remain
a constant over all wavelength settings as opposed to the method of chang-

ing entrance slit settings.
80



Monochramator output was recorded and adjusted using an Eppley
Laboratory themmopile, Sérial No. 7017, calibrated with a standard lamp
fram the National Bureau of Standards. For the spectral measurements made
on all cells, the incident flux was 18.53 x 10~ watts/an2 at all wave-
lengths. The resolution of the monochromator was 12.8 mpy for the slit
settings. The monochramator bulb temperature was set by tabulatiﬁg its
cﬁrrent as a function of wavelength. These data are shown :Ln the first
two colums of Table 3.

Reproducibility bf this method is also shown in Table 3 where the
potential drop across the se.riés 56.2 ohm resistor is given. Measurements were
 made on one of the experimental cells with a 1/4" diameter mask on 4/15/71

~and later on 5/26/71. The selection of the sample used was at random and data
" are shown for céli # 12. Data of this nature were taken on GaAs cells to
set up this measurement apparatus prior to receiving the silicon cells used
in this investigation. Similar reproducibility was obtained for GaAs‘ cells.
For the I-V characteristics, an incident flux of 139.6 an/cm2
was established for test cells using the BFS 602 obtained fram JPL. This
‘cell had a 67.22 MV output at 28°C for the required incident £lux level.
'The size of the standard did not permit using it with the test apparatus
cénstructed prior to recéiving it. Therefore, one of the 1" x 2" cells
was provided with wire contacts and calibrated against the standard to
serve as a secondary standard and located adjacent to the test cell in a
holder provided for this purpose. All measurements were made againét this

standard. The flux level was determined by adjusting, each time a
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TABLE 3. REPRODUCIBILITY CF SPECTRAL RESPONSE MEASUREMENTS

across 2 ohms ' V(56.2 chms)mv
A my V Lamp (volts) 4/15/71 5/26/71
395 .8685 .0330 .0326
405 . 8480 .0470 .0400
415 .827 .0480 .0480
425 . 800 .0520 .'0515
435 .783 .0590 .0592
445 .761 0630 .0640
455 .752 .0720 .0739
465 .735 : .0770 .0773
475 .719 .0835 .0835
485 .700 .0855 .0974
495 .690 .0958 .0945
505 .678 .100 .0980
515 .668 .106 .105
525 .653 _ .100 : .102
535 .650 .110 .110
545 .644 110 112
555 .643 .115 JA17
565 . .642 .119 .120
575 .641 .122 .122
585 .640 .129 : .128
595 . .640 .137 .137
600 .638 .138 .139
610 .635 .146 .143
620 .629 . .149 .148
625 .621 .140 .139
635 .620 : .149 .148
645 .615 : 151 .139
650. .610 .150 .150
655 .606 .149 .148
665 .600 .148 .144
675 .595 .146 .143
685 .591 150 .150
700 .591 .160 .158
750 .576 .163 .16l
800 .566 .164 .162
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measurement was to be made, the lamp current to give 0.432 volts across a
7 ohm resistor in series with the secondary standard. No provision was
made for temperature regulation. It was therefore, left to the experimenter
to maintain as ca.ﬁefully as possibie near room temperature conditions.
Experience showed that as much as 1.4% error in reproducibility
of OCv cOuld be obtained due to temperature changés of the cell under test..
For this case, the cell was exposed to the incident flux for a period slightly
exceeding any of the normal measurements, thus obtaining an upper limit in
error for this data. Care in data accumlation however, was used and it
- is believed that reproducibility was better than 0.7% in the measurement of
| Since the same arguments appiy to the I-V Characteristics, these
rﬁeasuréments could have a reproducibility error of the- same amount.
- Further, but perhaps critical for our work, the absolute values
of OCV, Ig~~, and I—V characteristics could have é greater error _owing to
color 'tempe_ratum differences between Centralab and OSU light sources |
and relative spectral response differences between the tested cells and
the calibrated BFS 602 standard cell. |

Camparison of Production Solar Cell Characteristics Before
Implantation Obtained by Centralab and OSU

'I'he re_sults of .measured ocv, ISCC and maximum power Pmax_ on
cells received from JPL are given in Table 4. Shown are results obtained
on the 12 cells used to obtain implantation characteristics only. The

- remaining cells were used for other measurements and experimentation.
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TABLE 4. OCv, Igec AND P ON PRODUCTION CELLS

osu Centralab
in volts in ma in mw in volts in ma
6 1x2 - - - — -
7 1x2 - - - - -
8 1x2
9 1lx2
Average Average
10 Secondary .563 71.3 26,4 .585 76
Standard
11 Secondary
Standard
12 Secondary
Standard
1 1x1 .560 27.7 10.81 30.1
2 1x1 .561 28.9 11.69 31.7
3 1x1 .563 28.6 11.87 31.2
4 1x1 .558 29.2 11.82 31.5
5. 1x1 . 555 29.7 11.84 32.2
6 1x1 .556 27.9 11.5 30.4

84



Our measurements show consistently lower values of OCV and Igc-

As mentioned earlier in the discussion of measurement error, we made no
attempt to control the temperature of cells. Emphasis was plaéed on re-
producibility. On the other hand, the color temperature of the lamp used
could well have been different from that used by Centralab and the relative
spectral responsé of the BFS 602 and the production cells may have been -
different. Therefore, even though the flux level set on the basis of the
calibrated BFS 602 standard cell was maintained constant; the possible dif-
ferences in color temperature and relative spectral response may expla_m the
lower values of OCV and Igce obtained in these measurements.

Meésﬁranents were not obtained on all cells for the full cell
response since implantation could only be made on a 1/4" diameter region in
the bambardment apparatus. Only data before and after implantation over this
1/4" ‘diameter region was considered significant. These results will be shown

later, taken before and after implantation on the same region of the cell.

Implantation Conditions and Techniques

Following initial measurements of OCV, Igr- and maximum power
(on same of the cells) they were mounted in the implant unit for bombard-
ment at three voltages, 20, 30, and 40 KeV and different total dose of 1012,

14 ang 1016 phosphorus ions. Since the cells had a layer of oxide

1013, 10
appro>dma£ely 700 ;\ thick, the voltages were selected such that the peak
of _the range distribution was within the oxide layer. This amounted to
250, 370, and 490 A for the respective energies. The full width at half
maximum for these energies were 215, 300 and 385 A, respectively. These
cawbine to give a maximum range at the distribution half width of 357,

520 and 682 ;\, respectively. Therefore, it was expected that little

= _ s



damage to the silicon would occur providing the oxide layer was free of
defects and of uniform thickness. It was observed however, that the oxide
layers had pin holes and were also slightly nonuniform in thickness.

Implant dose is determined by taking the beam current-time
product. Deposited positive ion phosphorus concentration is approximated
by taking the dose area density and dividing by Ryy.

Open Circuit Voltage and Short Circuit Current
Before and After Implants

Data giving the OCV and Ign-~ obtained on all test cells before
and after implant is presented in Table 5 for the different bcmbar&nent
conditions. For ease of reading these have been ordered by increasing
voltage and implant dose. These data were taken with the 1/4" diameter
mask in place. Recall that reproducibility error in OCV is approximately
0.7% or approximately .004 volts. For the lower implant conditions, the
recorded data for same of the cells show an increase well within this
limit so an impfovenent in OCV cannot be inferred. In general, all cells
show a decrease in these values as a result of implant.

The change in Ig.. resulting from implantation also shows a
decrease for all bombardment conditions. The values of Ig.. were obtained
by extrapolating measured current in decreasing values of series resistance
to a zero series resistance value. As expected due to unwanted series re-
sistance in the measurement circuit obtained values at the lower loads of
1 and 2 olms were in error. Figures 33, 34(a) and 34 (b) show the plotted

data before and after implantation from which Igy- values were obtained.
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TABLE 5, OCV, I AND CELL POWER THROUGH 1/4" DIAMETER MASK.
ScC :

‘OCV (Volts) - Iscc (ma) _ Power ()
Cell No. Type V(KeV) "~ 'No Ions Before After - ’Before After AT Before After
7 1x2 20 .503  .505 12,12 12.04 -.08  -—- -
6 1x1 20 .530  .530 10.91 10.50 -.41  4.00  4.00
6 1x2 20 1.0 x1012 501 .501 11.96 12.36 +.40 - -
8 1x2 20 .503  .493 11.87  9.46 -2.41 — -
12 1x2 30  1.25x1012 .510  .508 12.35 11.97 - .38 — -
5 1x1 30 9.4 x1012 .530  .531 11.40 10.89 - .51  4.05 4.05
11 1x2 30 9.4 x1013 .508  .508 12.38  11.68 - .7 - -
9 1x2 30 7.8 xlol? .504  .490 12.16  6.06 -6.1 - —
3 1x1 40 1.0 x10t? .533  .533 11.13  10.10 -1.03  4.14  3.82
2 1x1 40 9.4 x10%? .531  .531 10.87 10.73 - .14  3.87  3.87
q 1x1 40 9.4 x1013 531 .533 11.34 10.66 - .68  4.18  4.18
532 .463 11.17 -4.99  3.61 1.9

6.18
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These correspond well with values abtained on I-V curve plots on the X-Y
recorder. However, the latter were less accﬁrate. |

There is evidénce of large error in determjn:incj Igoc after im-
plantation for cells 6 (1 x 2) and 9 (1 x 2) in Figure 34(a). Apparently,
sufficient cell damage occurred in Cell 9 to account for this -behavior.
Cell #6 givés results which are not consistent with other measurements and
therefore should be neglected from consideration with regard to this
measurement. No cause for these anamalous results could be found.

A plot of (AI/I ) x 100 vs. implant dose is given in Figure 35
neglecting.Cell #6 (1 x 2).

Considerable scatter is observed below 10]'4 ions. Above 10]'4

however, the current after implant I can be er.tten as,

sCC

.Iécc = I‘S’cc - aN;'/ 2, | (19)

and is apparently independent of the implant emergy. Since Ng, is very
épproxinﬁtely proportiohal to o s; the implant dens:.ty in the oxide as
~determined by Ng and the .Rhm for different energies, then Equation_ (20)
can be written as B

| 1/2

Isi;CC = Igcc (1 - b 0 7% | (20)

Energy dependence would appear in the determination of the average value
of p through the R, values. Since this does not vary greatly in comn-
parison wn.th the accuracy of determlm.ng Ng, the plotted data is not

expected to show energy dependent behav:.or.
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Td be noted is the scatter in data below 1014. This is in the
region of small changes in Igoc. Therefore, the error m AT is larger
"Iand. as mentioned is on the order of 1 percent in reproduction. The
limited data of one information point per implant conditions is insuf-
ficient to determine a mathermatical model or to conclude that AI is always
a negative value. |

The density of charge deposited in the axide as determined by
taking Ny and dividing by the implantation area of 0.316 cm? and the
distribution FWEM as shown in Table 6. |

| The upper limit implantation was set by the implant density
being very nearly equal to the atom density of solids. The lower limit
was established by the minimm value that could be reproducibility set
with the évailable implant apparatus. It would have been desirable to
extend the lower limit by two orders of magnitude to better approximate
the surface étate density at the dxide-silicon interface.

Under éll conditions of implant the surface 6f the cell where
the beam impinged became visibly different than before implant. The dif-
-ference increased with increased implant dose and ranged from belng -juét
distinguishable lto a mirror-like finish which locked much like the surface
of polished silicon. | More will be said on these differences later when

discussing the Cary 14-reflection data.

I-V Characteristics Before and After Implant

I-V characteristics abtained on cell_svl—G (lem x 1 cm) are
shown in Appendix A. These curves obtained with the X-Y plotter served
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TABLE 6.

DENSITY OF POSITIVE PHOSPHORUS IONS IN CXIDE

Ng 1012 1013 1014 1016
V (Kev) p in ND/an3
20 1.45 x 1018 1.45 x 101°  1.45 x 1020  1.45 x 1022
18
30 1.05 x 10 1.05 x 1019 1.05 x 1020 1.05 x 10%2
40 0.81 x 101®  0.81 x 1014  0.81 x 10°° 0.81 x 1022
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primarily to obtain cell power data as shown previously in Table 5 , since
accuracy for determining Igy-~ and OCV using tﬁis technique was poorer than
for the previously described method. Both full cell and 1/4" diameter
masked cell data are presented in Appendix A before and after J‘.mplant;

Spectral Response Characteristics Before and After Implant

Measurements of spectral response of the 1/4" diaxfeter masked

cells were made over the region 3950 A to 8000 A and are shown in Appendix B
for all the cells tested. Typical of the response is the curve shown in
Figure 36. The curve after implant was found to be always below or equiva-
lent to the response before implant. The peak in the curves at about 5200 &
was common among the cells initially. The curve between 4000 A and 6000 A
became increasingly straighter as Ng is increased to the point of knee in-
version observed for the highest implant level as may be seen for Cell #8
in Appendix B.

| Also characteristic of these curves are the bumps. These were
not present when GaAs solar cells were evaluated during setting up 6fl the
equipment. Possible explanation of these are: (1) Possible change in lamp
position prior to testing of the silicon cells since other investigators
Qere using the monochrcmator. These uses préceded the silicon investigation
and no perturbations occurred afterwards. (2) Possibly the 1/4" diameter
mask which was made fram iptmtogra.phj_c print paper wrapping had a spéfctral‘
characteristic. The black side of the paper was in contact with the cells.
(3) There could be characteristic 1/4" wavelength coupling fram the oxide

layer. Since the oxide refractive index is /e, where e, is nearly equal
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to 3.4, then wavelength in air, characteristic of 700 A of oxide j.s A=
4% 700 A x /3.4 = 5200 A. This corresponds to the lowest peak position
of all curves. | _

In regard to the objective of this work; however, these peaks can
be ignored since changes are of importance only. In general, the greatest
change is observed in the position of the original knee between 5000 &
and 5400 A. A lesser decrease is'observed at near 4000 lg. and even a 1eesef
decrease at 8000 R. For most of the lower dens:.ty implantations, there is
no decrease in the spectral reSpohse above 6800 A.

~Since the blue region résponse is of interest the percent change
~in the relative spectral response curves at 3950 and 4800 A are shown in
Figure 37 and 38. From Figure 6, shown earlier, these two wavelengths are
in the fron£ layer (n-layer) response region of the cells. Within experi—- |
mental error of single data points the percentage decrease in cell response
is very nearly the same. Also, any dependence on i.mplant energy is not
evident. Further, the very approximately same dependence on Ng is observed
as found for Ig~- data presented earlier in Figure 35. .

The above abservations show that blue response is decreased due
to implantation of phosphorus ions. This could be due to (1) n-layer
damage predominantly, (2) spectral shifting of the oxide layer, (3) charge
effect on interface states is in the wrong direction fof the highly doped

layer of silicon.

Cell Reflectivity Before and After Implant

In order to partially understand the observed behavior, the cells

were examined for changes in reflectivity. The Cary 14 strip chart
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recorder was set up to measure on the log response slide wire resistor. A
decrease in light output in the sample side was noted as an increase in

recorder response; i.e., the recorder measured absorbance A, as

A=log%—+c
r

where I, is the cell reflected intensity and since air was used as
reference, C is some arbitrary constant. Measurements weye made for A,
on a nonimplanted region of the cell over the wavelength region 3000 A to
6500 & giving

1
Ao=lOgF5—+C
r

The implanted region was then positioned in the beam and measured for
Ay giving

1
Ai=log-fi' + C
b

The difference A, - A; gives then the change in absorbance as

g
x
A, - A = log o
I

Plots of A, - A; for the 30 keV and 40 keV implants are shown in

Figures 39 and 40, respectively. These data, in general, show that

the cells reflect less light at the shortest and longest wavelengths and

a decreased reflectance near 6000 i over a varying region. One exception
occurs for cell # 9 in Figure 39 and # 1 in Figure 40. Since an increase
in the wavelength response previously discussed is always decreased, the

light not reflected after implant must scmehow be lost by a mechanism

other than the one which increases cell performance. At the shorter
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wavelength, it is expected that defects produced by the barbarding energetic
ions provide scattering centers which remove photons from the beam thereby
decreasing the reflected light intensity which would appear as incréased
.absorption.. ‘This need not be totally responsible for cell spectral response
-degradatién since it is possible for deeper penetrating ions causing damage
in the silicon. As mentioned before pinholes and nonuniform oxide thickhess
would allow damage to the silicon to occur.

| At the long wavelength where scattering would be minimized and
where increased abosrption is observed, which could be due to a change in
oxic_le thickness and dielectric constant, the beneficial effects are

~perhaps cancelled by the cell surface damage.
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DISCUSSION

The primary objective in this research has been to reduce solar
cell losses due to surface recambination of excess minority carriers. In
silicon cells, the theoretical analyses to date usually consider 0 < s <
1000 cm/sec as the range of recambination velocities for calculations of
the surface region short-circuit current (or efficiency in the Ellis and
Moss article). In attempting to match experimental p/n Si solar cell
spectral collection efficiencies with theoretical calculations Wol£%)
found it necessary toemploy s = 104 cm/sec either with or without a
drift field in the surface region (xJ = 0.5 ym). He also states that
surface recanbination velocities below 104 cm/sec do not affect the dif-
fused region collection efficiency with drift fields of 4700 volt/cm,
and that s = 104 cm/sec has little efféct on collection efficiency for
the field free case. |

Thus, the importance of surface recambination inASi solar-cells
cannot be stated specifically until the actual recambination velocities
have been determined. In his gate-controlled surface recambination
velocity diodes Rosier23) obserVed_maximum values for s on 0.8 ohm—-cm
n-type Si of 3 x 103 to > 104 cm/sec. In these thermal SiOz—Si inter-
faces there are no measurable surface states in the range from 0.15 to
0.55 eV below the conduction band, and there is a significant density
of donor states in the 0.15-0.45 eV range above the valence band (5 x 1012

2 .
5 x 1013 states/cin”. - eV). The former result is contrary to the results
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of Figure 13 in which a large acceptor state concentration is cbserved
= 0.15 eV below the conduction band. AgaJ_n it is ani:hasiZed that the
above results refer only to presumably clean thermally-grown oxides on Si.

Since surface recambination is related directly to the fast
surface state density, and those surface states closest to the intrinsic
Fermi level have the greatest effect on recambination (both in the bulk
and at the surface), there are two apparent approaches to reducing surface
reccmbir_xation. In the research reported here the goal has been to intro-
duce excess positive charge into the bulk of the oxide for the purpose of
bending the energy bands at the surface and increasing the surface po-
tential (accumulation of electrons at the surface of the n-type diffused
layer). As pointed out previously in the theoretical discussion, the
anticipated degeneracy of the diffused layer near the surface requires
modification or greater development of the theory of recambination.

The second approach to the reduction of recambination involves
the overall reduction of the surface state density. According to the
Goetzberger hypothesiszll) this requires the elimination of surface charges
in the oxide at the Si0,-Si interface. First, the source of these charges
is probably the result of several effects: Excess ionic Si in thermal
_ oxides, ionizi_ng radiation, etc. High temperature annealing in appropriate
atmospheres tends to reduce the surface charge in clean thermal oxides?0) .
However, surface states are not completely eliminated. Typical surface

densities of 1012 o2 imply one surface state in an area 100 A square.
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The effective range of the coulambic field of the surface charge inducing
the surface state is on the order of 30 R. This distance is therefore
the approximate thickness of the surface charge layer.

Perhaps further consideration and development of this surface
charge/surface state theory will indicate the possible reduction of a
particular group of surface states (acceptor or donor) by charge campensa-
tion. These charges would be introduced in the critical 30 R oxide layef,
by chemical or vapor deposition, or ion implantation, before the remainder

of the oxide is deposited.
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CONCLUSIONS

Briefly, tﬁese investigations have yielded inconclusive results
concerning the possibility of improving Si solar efficiency by charge in-
troduction in the oxide antireflection coating. It is concluded however,
that phosphorus ion implantation does not meet the requirements for success-
fully monitoring the charge at the SiO-Si interface. |

Iﬁ'this study, the data obtained indicate that as the implanta-
tion dosage and energy of phosphorus ions is increased, the cell efficiency
in the blue response region decreases.

| These results, although apparently negative from the standpoint
of the thesis that charge implanted in the oxide should be able to in-
crease cell efficiency to higher values in the blue response region, are
considered incamplete and inconclusive.

The incompleteness of this investigation stems from the ex-
pectation that negative charge placed at the interface could be expected
to decrease Qss and thus decrease Ng¢ while positive charge shcula iﬁ-
crease Qgg and Ng¢. Phosphorus ions implanted in SiO give positive
charge thus increasing Qgg and also increasing Ngt. Ion implantation dpes
not readily lend itself to introducing negative charges. Consequently,
to investigate this case, another technique of introducing negative charge
at the oxide-Si interface may be needed. There is same evidence available

in Chou and Crowdér's work47)

on O and Ne' implants that negative camplex ions
were possibly achieved at the SiO-Si interface by ion implantation. It is

recommended that further research be conducted on charge effects in the oxide
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antireflection coating on blue response since if the above thesis is

‘correct, it would be expected that Ngi and therefore surface recambina-

tion velocity would decrease if negative ions were introduced at the

Si0-Si interface.

In addition to the thesis that the sign of charge introduced in

this experimental investigation was the wrong polarity for increasing

blue iegion efficiency of solar energy conversion, two other experimental

.observations in the research lead to the conclusion that the data on

implanted charge effects gathered here are scmewhat inconclusive.

1.

The oxide antireflection coatings of the production cells
investigated had pinholes and nonuniform thicknesses.

Therefore, although the average oxide thickness was greater

 than the depth of ion implantation for all the implantation

voltageé investigated, the thinner regions and particularly
the pinholes allowed the impinging ions to be implanted

in the Si surface beneath the axide. Thus, same degree

of n;layer Si damage was incurred. Since the cell con-
struction would nof allow post-anmnealing, to remove damage;
it was not possible to eliminate such damage that occurred.
Radiation damaged Si is known to cause reduction in solar
cell efficiency. |

Ion implantation produced physical changes in the oxide
layer. Thickness was increased with increase in implanta-
tion dose. The blue color was changed by degrees to the

color of the Si surface as dosage was increased to 10%°.
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In general, the reflectance of cells became less at the
shortest and longest wavelengths suggesting more blue
light will penetrate to the Si and implying that the
observed decrease in cell efficiency is perhaps greater
than the' experimental results reveal because of the

greater number of photons which reach the Si interface.

In order to évoid both the pinhole and nonuniform thickness
difficulties characterizing deposited SiO encountered in implantation
which can result in surface damage of the Si thermally oxidized Si would
be desirable since such oxide has pinholes and nonuniformities. However,
the temperatures involved in such processing may be prohibitive for
maintaining the impurity distribution desired in a solar cell.

| Furtheanre, in view of the physical changes which ion implanta-
tion introduces in the axide layer which tend to mask the effects of the
charge implanted in the oxide layér on the efficiency of the solar cell,
it also appéars that ion implantation is not satisfactory for introducing
charge. |

It follows that a more controllable and positive approach to
introducing charge in the oxide layer of the SiO-Si interface is needed
which will allow both negative and positive charge introduction and
maintenance of axide physical characteristics.

The apparent negative result obtained in the tra.nSpareht elec-
trode-insulator-solar cell structure investigation does not preclude
that charge at the interface can not affect blue response of Si solar

cells. In the transparent field electrode structure, only the interface
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surface potential is influenced, not the number of charges, Qgg at the
interface. On the basis, that Qgg controls Ngir @ direct interface
coupling of the existing Qog with negative charge in order to lower

Qgg 1s required if Ng¢ is to be changed.
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RECOMMENDATTIONS

This preliminary investigation has essentially demonstrated that
ion implantation does not fit the requirements fof monitoring charge at
the interface of the SiO-Si 1.n Si solar cells. If same means of armealincj
the cells after implantation were provided, however, the interpretation of
the present results could be more campletely carried out and the usefulness
of ion implantation for charge introduction would be improved.

However, the thesis that monitoring charge at the SiO-Si inter-
face of a solar cell is a reasonable approach to improving blue response
. of Si solar cells has not been proven or disproven.

Therefore, it is recommended that investigations be conducted
on introducing both positive and negative charge concentration at the -
Si0-Si interface at the start of deposition of the oxide in ofder to
further evaluate the possible benefits of interface charge monitoring on
the blue response of Si solar cells. Also, attempts to form negative
complex ions by O and Net charge implantation should be conducted.

The former perhaps could be done by spraying negative and/or
positive charges on the Si surface at the start of SiO deposition by

‘ evaporatiori. Another possible way may be by using other insulators than
_Sio_which can produce negative interface charge at the Si surface rather
than positive charges.

Since part of the cause of the inconclusive results in this .

study was the inability to anneal out Si and SiO damage after mplanté—

tion, it is also recammended that the present studies be continued and
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expanded by using nconelectroded solar cell structures to which an ahneal—
ing step can be applied after implantation followed by oxide masking,
etching the oxide and electroding to achieve a completed solar cell.
Further, in view of the in-depth theoretical analysis con-
ducted during this program and presented herein, the following investiga-
tions are recammended.
1. Theoretical studies using camputer calculations aimed
at accounting for degeneracy in the surface region of
the Si and the presence of various types of impurity
profiles should be conducted.
2. Si solar cells should be made using epitaxial proces-
siﬁg and epitaxial doping to vary both the surface
concentration of impurity and impurity profile in the
Surfaée region fram the conditions characterizing
diffusion profiles to nondegenerate surface concentration -
and greater than exponential impurity gradients in the
surface region. This experimental effort would not
only strike at the problems facing further optimization
of the Si solar cell, but also provide experimental

data useful in the theoretical study recommended in (1).

It is recammended that the above types of investigation be

considered as a follow-on to the present effort.
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NEW TECHNOLOGY

No reportable items of new technology resulted
fram this brief experimental study.
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APPENDIX A

X~-Y PLOTS OF I-V CHARACTERISTICS BEFORE AND AFTER IMPLANT
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Figuré A-l. I-V characteristics for full cell and 1/4"
diameter mask before and after implantation.
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Figure A-2. I-V characteristics for full cell and 1/4"
diameter mask before and after implantation.
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Figure A-3. I-V characteristics for full cell and 1/4"
: diameter mask before and after implantation.
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Figure A-4. I-V characteristics for full cell and 1/4"'

diameter mask before and after implantation.
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Figure A-5. I-V characteristics for full cell and /4"
diameter mask before and after implantation.

123




CURRENT (mA)

VOLTS
0 ol 0.2 0.3 0.4

0 I I l Bl

CELL #6-IX]

o
10 / 0.44V

9.1 mA
5 =
20 |-
25 - 0.46V
25 mA
I~
o~

Figure A~6. I-V characteristics for full cell and 1/4"
diameter mask before and after implantation.
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APPENIDX B

SPECTRAL RESPONSE CHARACTERISTICS BEFORE AND AFTER IMPLANT
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Figure B-1l. Spectral response characteristics for 1/4"
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Figure B-10. Spectral response characteristics for 1/4"
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