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SECTION 1
INTRODUCTION

This research program is directed toward the advancement of under-

standing of amorphous silicon-based alloys and their use in small area
multi-junction solar cells. The principal objectives of the program are:
i) to develop a broad scientific base for the chemical, structural, optical
and electronic properties of amorphous silicon-based alloys; ii) to determine
the optimum properties of these alloy materials as they relate to high
efficiency cells; iii) to determine the optimum device configuration for
multi-junction cells; and iv) to demonstrate by the end of February, 1990 the
proof-of -concept muiti-junction amorphous silicon alloy-based solar cells
having an efficiency of 18% under standard AM1.5 global solar insolation
conditions and having an area of at least 1 cmz.

The program is divided into three sub-tasks. Sub-task 1, materials
research, is directed toward preparing and optimizing amorphous silicon (a-Si)
alloy-based materials for use in high efficiency muiti-junction devices. This
sub-task also includes the necessary research to improve the properties of
optically-transparent/conducting-oxide contacts and any necessary barrier
layers required by the multi-junction cell design. Sub-task 2, single-
Junction solar cell résearch. involves the preparation and characterization of
single-junction cells (incorporating materials from Sub-task 1) for diagnostic
purposes and for use in high efficiency multi-junction cells. Sub-task 3,°
multi-junction solar cell research, involves fabrication of high efficiency,
stable multi-junction solar cells dincorporating the materials and the
single-junction cells developed, respectively, in Sub-tasks 1 and 2.
Sub-tasks 2 and 3 also involve device modeling to guide experiments for
optimization of device efficiency.

During Phase I of the program, which ended February, 1988, significant
advances were made both in the areas of material development and cell
efficiency. In this report we discuss the progress made during the period
March-August, 1988. A major focus of the program was in the optimization of a
novel’multiple-graded structure that enhances cell efficiency through the use
of band-gap profiling. In the following sections, we discuss in detail the
principle of operation of devices dincorporating such structure, computer
simulations for the same, and experimental results for both single~- and
multi-junction cells using the novel structure.
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2.1.

2.2.

SECTION 2
MATERIALS RESEARCH

INTRODUCTION

In Phase I of the program, we have reported on the development of
both wide band-gap a-Si:C alloys and narrow band-gap a-Si:Ge alloys
for use in the multi-gap cells. In this report, we discuss the
development of wide gap microcrystalline doped layers which would
allow more light to be incident on the intrinsic layer of the cell so
as to increase the short-circuit current densities. We also discuss
the optimization of chemically deposited and sputtered Zn0 layers
which are used in conjunction with back reflectors.

MICROCRYSTALLINE WIDE BAND-GAP DOPED LAYERS

We have previously reported the development of microcrystalline
p-type layers. We showed that the microcrystalline materials have
higher conductivities and lower absorption loss than the corresponding
amorphous materials. Incorporation of these layers in solar cells had
given rise to higher open-circuit voltage and short-circuit current.
In a triple-cell configuration there are six layers of doped material,
and reduction of optical loss in these materials, even by a small
amount, would result in an increase in short-circuit current density.
Moreover, development of wide band-gap doped layers is 'expected to
cause further enhancement of the open-circuit voltage.

One way of increasing the band-gap of a-Si alloys is to add a

band-gap widening element such as C, 0 or N to the material. Efforts"

to obtain microcrystalline material incorporating these elements have
not been, in general, successful, since it is known that C, N or O
inhibit crystallization. There have been recent reports that using

microwave glow-discharge in the electron cyclotron resonance regime,

it is ‘possible to obtain microcrystalline SiC alloys with an optical
gap exceeding 2 eV. Use of this method, however, needs special design
of the reaction chamber, power supplies and electrodes. We have
developed a technique by which, using a conventional rf glow-discharge
technique, it 1{s possible to obtain both n- and p-type micro-
crystalline material incorporating C or N. A deposition regime was
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identified consisting of gas mixtures heavily diluted with hydrogen.
high rf power density and a suitable temperature region. Both
fluorinated and non-fluorinated materials have been developed. '

A typical wide band-gap microcrystalline n-type SiN alloy was
characterized by a dark conductivity of 2 (@ cm)-1. an absorption
constant at 5000 A of about 2.5x104cm_1. The optical band-gap of the
material is about 2 eV. Based on transmission electron microscopy and
Raman spectroscopy results, crystallite sizes were found to be between
60 to 100 A with a volume fraction greater than 70%. The
crystallites are those of silicon embedded in an a-SiN matrix.

Microcrystalline p-type SiC alloys with an optical gap in the
range 2.1 to 2.2 eV were deposited with dark conductivity exceeding
1(@cm)”'. The grain size and the volume fraction were similar to
those of microcrystalline SiN. Typical carbon content was 5 to 10%.
Thin miérocrystalline p-type SiC 1layers were dincorporated in
single-junction n-i-p cells. The quantum éfficiency of one such cell
at 400 nm was found to be 66%. The cell had an open-circuit voltage
of 0.95V.

REFLECTION VERSUS ANGLE STUDIES OF BACK REFLECTOR MATERIALS AND
STRUCTURES '

In order to 1increase the conversion efficiency of our
multi-junction photovoltaic devices, the performance of each layer
needs to be optimized. Two key improvements involve increasing the
optical absorption 1in the active regions (the i-layers) and the
subsequent increase in the collection of the photogenerated carriers.
These aspects of the device can be improved by, among other things,
changing the band-gap and/or the thickness of the individual layers.
An additional technique used to increase optical absorption and
carrier collection (thereby increasing the short-circuit current of
the device) 1involves the improvement of the substrate by the
incorporation of a back reflector between the substrate and the a-Si
alloy material. This enables light which is only weakly absorbed on
an initial pass through the a-Si alloy layers to be reflected back
into the device, allowing it to have additional passes through the



active layers and increasing its optical absorption therein. Along
these 1lines, then, we at ECD have a program to study various back
reflector materials and structures with the goal of increasing the
overall short-circuit current (Jsc) of our solar cells by improving
the red-light absorption in the bottom-cell i-layer.

Various types of back reflectors studied in this program include
both specular as well as diffuse scatterers. This program involves
the deposition of a variety of materials (such as Ag, Al, Ti, Zn0,
etc.) on our stainless steel substrates using various combinations of
structures and under different deposition conditions (varying such
parameters as temperature, pressure, etc.). In addition, it involves
measurement and analysis of both the back reflectors themselves, as
well as the devices fabricated on top of them. To assist jin the study
of the back reflector materials, especially those deposited in such a
manner as to be diffuse scatterers, a special reflection measurement
system was designed and constructed. This system was built to enable
measurement of reflection versus angle from -90° to +90°. A schematic
of the R vs © measurement system is shown in Fig. 1.

Note from Fig. 1 that we have two parts to the R vs ©
apparatus. One part, called the Wide Angle measurement, measures from
-90° to +90° but does not measure the center 318° due to the detector
blocking the dincident 1ight beam. Because of this, a second
measurement is performed, obtained by deflecting the reflected light
beam off to one side and measuring the Near Normal reflection (-20°'to
+20°). These two R vs © measurements combined give us information
about both the wide angle (diffuse) and near normal (specular)
reflective properties of the sample under study.

The first measurements performed using the R vs © system were of
some common sSubstrates and standard samples. Figure 2 shows a
specular silver substrate with a large spike at 0°. as expected.
Figure 3 shows a perfect Lambertian scatterer made of diffuse opal
glass. The observed cosine response of the reflection vs angle is
what is expected from a Lambertian surface, and we use this with a
silver mirror behind it as our standard R vs © reference sample.
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Other early experiments involved reflection off the front surface
of a-Si alloy devices, both from the ITO and from the a-Si alloy
material itself. We performed these measurements under both blue and
red l1ight. As expected, the ITO reflection was lower in the blue
(because of 1its AR coating properties) than 1in the red. The
reflection from the-a-Si alloy material had a'larger wide-angle signal
from the devices made on diffuse substrates and a larger near-normal
" signal from the devices made on specular substrates.

Next we 1looked at different back reflector materials and
structures, which had been fabricated under various deposition
conditions. It should be noted here that although the wavelength of
interest for these substrate reflection studies is in the red, the
actual wavelength of the light inside the device is in the blue or UV
end of the spectrum. This is because 1light which is red in air
becomes blue inside the a-Si material due to its index of refraction
being approximately 3-5. It is this 1ight which 1is striking the
substrate surface. Our measurements were actually performed using 400
nm (blue) light (instead of UV light) to increase our signal-to-noise
ratio (since our 1ight source has little flux in the UV portion of the
spectrum).

One experiment we performed was a comparison of Al to Ag
substrates. Figure 4 (a and b) shows these results. Note that the Al
wide angle reflection, a]though lower than the Ag, has a shape which
closely resembles the cosine resbonse of the Lambertian scatterer
(Fig. 3). This has led us to study a variety of combinations of Ag
and Al as back reflector materials, hopefully gaining from both the
high reflectivity of the Ag and the diffuse scattering properties of
the Al.

Another study we performed was a combination of two experiments.
One was to look at the properties of the back reflector materials
versus deposition temperature; the other was to compare the R vs ©
results with our quantum efficiency measurement to see if we could get
meaningful comparisons between these two measurements. The results
are shown in Figs. 5-7. Note that the near normal reflection (b in
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each figure) decreases and the wide angle reflection (a in the
figures) increases as we increase the deposition temperature from 25°%¢
to 400°c. Also note 'a corresponding 1increase in the device red
short-circuit current, obtained by integrating the Q(\) curve from
600-950 nm (see Fig. 8). This last result is important because it
points  to the correlation between the R vs © measurement of a
substrate (before a device has been made on it) and the Q(A)
measurement of a finished solar cell. More studies of this kind will
allow further development and improvement of our back reflector
materials to further enhance the red-wavelength response and increase
our multi-junction device conversion efficiency.

CHEMICALLY DEPOSITED ZnO FILMS FOR BACK REFLECTOR APPLICATIONS

In the back reflector work discussed in Sec. 2.3., In0 films were
prepared by magnetron sputtering which limits the rate of deposition
to < 5&/s for good quality films. This 1limitation provides a
constraint in upscaling the deposition process for incorporation in
our roll-to-roll production machine in terms of both physical space
and start-up costs. .

With the above background, we have explored an alternative
technique for the deposition of Zn0 films with the following
objectives: 1) to increase the deposition rate to > 10&/s without
any deleterious effect on the film quality, 2) to cut down the cost of
the films per square foot in terms of start-up and deposition
operations for production application, and 3) to investigate if a
better quality texture can be obtained. The results obtained to date
are very encouraging and the project is an ongoing one.

The In0 film deposition technique is based on a chemical process
incorporating inexpensive, readily available, - and non-toxic
chemicals. The process itself is simple and needs no expensive
equipment. The deposition technique is, at present, set up for
3% x 3% substrates. The process is being scaled up to deposit uniform
films over 1 sq. ft. The rate of deposition is very high --- typically
~ 20-40R/s -- with further enhancement expected. The work reported
here is on Zn0 films deposited at ~ 20&/s.



-CL-

| i J 1 1 r ! 1 ¥
420 =171 600 700 800

WAVELENGTH <C(nm)

fFig. 8. Quantum efficliency plots of devices made on diffuse Ag/SS back
reflectors at 25°c. 200°c, and 400°c. Red Jsc is obtained by
integrating the Q(\) curve from 600 nm to 950 nm.




Table I.

Two types of Zn0 films have been prepared: 1) pure Zn0 and 2)

In-doped Zn0. The pure Zn0 films have higher electrical resistivity
(~ 1039—cm) than the doped films and exhibit photoconductivity. The
resistivity under illumination (100mw/cm2) is ~ 10 ohm-cm. Some
properties of the In0 films are tabulated in Table I. The
photoconductivity of the films becomes quenched upon annealing in
vacuum. Incorporation of In in the films leads to improved electrical
characteristics and quenching of the photoconductivity. The
electrical resistivity of Zn0 films doped with ~ 4 at.% In is 5x10°
ohm-cm. The films are optically highly transmitting. The
transmittance and reflectance characteristics of a 2000R thick film on
glass are shown in Fig. 9. The absorptance in the wavelength range
500-800 nm is < 2%.

Properties c¢f Zn0 films deposited by a chemical process.
Film Type Undoped Zn0 In_Doped (4 at.¥%) In0
Py (Q cm) 103 5 x 10-'3
-3 -3
L (Q cm) 5x10 5x10
Optical Absorptance of < 2% : < 2%

2000& thick film (%)

The films exhibit excellent texture as measured by reflected
optical dispersion of an incident beam of laser light on the sample.
The dispersion characteristics of a pure Zn0 film of thickness ~ 3 um
on 1) a glass substrate and 2) a sputtered textured Ag film/stainiess
steel substrate are shown in Fig. 10. It 1s noteworthy that the
excess specular component of the reflected 1ight (which is the major
component for Ag films) 1is totally absent for the Zn0 films. The
dispersion properties are dependent on film thickness and deposition
temperature.

-14-
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Optical dispersion characteristics (using an incident laser beam) of a
chemically deposited Zn0 film on glass and on textured Ag substrates.




The texture of the films has been studied in the SEM. SEM
topographs of a 3.0 um thick pure Zn0 film on a textured Ag substrate
are shown 1in Fig. 11. For comparison, the picture for the Ag
substrate is shown in the same figure. The Zn0 films possess a larger
surface texture as shown in Fig. 11, which is probably responsibie for
the improved light scattering.

Doped Zn0 (~ 4 at.% In)/textured Ag composite films have been used
as back reflectors for the fabrication of a-Si:H cells. The thickness
of the 2n0 films is ~ 0.5-1.0 um. For comparison, cells have been
made in the same run on textured Ag films with no ZnQ. The Q(A)
measurements on these cells have shown significant improvement in the
650-800 nm region for the In0O-based devices. The Q(A) traces for
cells on the twb'types of back reflectors are shown in Fig. 12. The
results establish that the chemically deposited Zn0 film on the Ag
back reflector is providing the necessary texture for Jsc enhancement
primarily due to improved response in the long wavelength region.

~17-
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3.2

SECTION 3
DEVICE PHYSICS AND COMPUTER MODELING

INTRODUCTION
‘ As we have discussed earlier, improved material quality, both for
the doped layers and the narrow band-gap alloys, plays a key role in

_increasing device gff1ciéncy. While substantial progress has been made

in these areas, we also have been exploring the possibility of improving
efficiency by suitable cell architecture. In this section, we discuss
the details of a cell structure which allows us to obtain higher
efficiency by using internal fields to aid carrier transport in the bulk
of the material. We also discuss the numerical modeling of a-Si alloy
solar cells that we have now developed to consider both single- and
multi-junction cells.

CELL DESIGN

Several cell designs have been reported in the past [1,2] where
grading or buffer layers have been incorporated at the junction
interface to reduce carrier recombination near the junction. We have
investigated profiling the composition of the a~Si:Ge alloy throughout
the bulk of the intrinsic material so as to have a built-in electrical
field in a substantial portion of the intrinsic layer. Different types
of profiling configurations are shown in Fig. 13. Let us first consider
two simple cases in which 1) the band gap is minimum at the p-i
interface through which 1light enters and increases linearly away from
the interface (normal profiling), and 2) the band gap is maximum at the
p-i interface and decreases away from it (reverse profiling). From band
structure considerations, assuming that both the conduction and the
valence band edge positions shift equally as Ge is incorporated in the
material, intuitively one would expect that normal profiling will help
hole transport and make electron transport more difficult. The opposite
will be the case for reverse profiling. Since hole transport is the
1imiting factor determining a-Si alloy solar cell performance, one would
therefore expect an improvement in fill factor for the case of normal
profiling. Howevér. since the open-circuit voltage of the solar cell is
determined by the major junction [3] which is at the p-i interface, one
expects a higher open-circuit voltage for the reverse profiling case
where the band~gap for the 1—1ayer at the p-i interface is larger.

-20-
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Using our computer simulation model developed for amorphous
silicon alloy p-i-n solar cells [4,5], we have studied the performance
of devices using structures with and without band-gap profiling.
Results for red 1ight incident on the cells are shown in Table II. As
discussed above, the computer simulation does demonstrate that for
similar short-circuit currents (Jsc), the £111 factor (FF) is enhanced
for normal profiling, and the open-circuit voltage (Voc) is increased
for reverse profiling. One can then take advantage of the two
situations and use a double-profiled structure as shown in Fig. 13d.
Computer simulation results (Table II) show that this gives the best
performance. Both Voc and FF improve over the case when the
composition 1is uniform. The improvement in Voc depends on the
thickness of the region of reverse profiling. As the thickness
increases, Voc increases; however, the FF starts decreasing at larger
thicknesses since the holes now have to move against a potential
barrier over a larger distance.

Table [I. Simulated results for a-Si:Ge alloy solar cells with differeat

types of profiling. The results are for red 1ight illumination.

Constant Normal Reverse Double
Band Gap Profiling Profiling Profiling
1.52 eV 1.52--1.72 eV 1.72--1.52 eV
Isc (ma/em?) 1.64 1.51 1.57 1.55
Voc (volts) 0.67 0.70 0.76 0.72
FF 0.55 0.65 0.44 0.64
Power (mW/cm?) 0.62 0.68 0.52 0.7

The above analysis shows that it 1is possible to improve the
performance of solar cells by using suitable structure designs even
though the material quality remains the same. It should be mentioned
that we have considered above the simplest cases. It is possible to
achieve further improvement in cell efficiency by suitable non-linear -
and multiple-profiling which will give rise to maximum internal field.
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3.3.

3.3.1.

3.3.2.

NUMERICAL MODELING

INTRODUCTION

The amorphous silicon alloy device model which we have previously
used to describe the effects of amorphous and microcrystall{ne
contacts, buffer layer and the dominant junction on device performance
has been updated and modified. The new program predicts the behavior
of single- or multi-junction devices with constant or graded intrinsic
regions, under global AM1.5 or monochromatic illumination. The
optical generation rate has been extended for sub-band-gap absorption
and it also takes into account multiple scattering of the red light
within the cell. To get a better agreement between the open-circuit
voltages of simulated and experimental data, we represented the
mobility gap as an empirical function of optical band gap. The device
model has also been modified to account for external parasitic series
and shunt resistances.

DEVICE MODEL

The optical and transport properties of the device are mainly
affected by the band-gap modification and doping. This is accurately
described by a four-exponential model of the localized gap and tail
state density (Fig. 14) where the minimum density of states Imin is
dependent, through an empirical function, on optical band gap and
{mpurity concentration.

In our model the D mid-gap states are approximated with the
superposition of. two exponentials (Fig. 14), which follow closely the
experimentally determined 00S [6,7]. The donor-like states have a
characteristic slope of temperature T3=2000K, and for the
acceptor-like states we have T2=1500K. The minimum density of deep
states, g .., is 5x10'9 cm Sev™! for the a-Si:H alloy with a 1.72 eV
band-gap, and increases without change of the slopes with the addition
of germanium to 3.2x10'® emJev™! 1n 1.5 ev material. The position of
the minimum density of 1localized states, Emc’ was assumed to be at
0.4xEg from the conduction band edge. This gives a reasonable dark

<10 -1
conductivity for the a-Si:H alloy of 10 (Q cm) .
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The 1increase in D0S with doping is described by an empirical
formula derived from the detailed steady-state photoconductivity
studies (8,9,10]:

0.5
. . 16 -3 ,-1.5 .
In this relation k1=3x10 cm “eY for amorphous malerial and
10 %em ey for microcrystalline materials with k2=10'Scm ™,

Ty = 300K

T, = 1500K
T3 = 2000K
T4 = 500K

Fig. 14, Realistic density of states g(E) distribution and simplified
analytic approximation used in our model.
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The tail states are also represented by donor-like and
acceptor-like exponential distributions with characteristic slopes of
temperatures T4=500K and T1=300K, respectively. The densities of
states at the bottom of the conduction and the top of the valence

bands were assumed to be the same as for crystalline silicon.

One obtains the total number of trapped carriers, nt and pt, by

integrating across the mbbil1ty gap the density of states g(E) times
the probability-of-occupancy function, fe(E) for electrons and fh(E)
for holes:

Ec :
nt = [ ga(E)fea(E)dt (2)
Ev ’ .
Ec ) :
Py = | gd(E)fhd(E)dE - (3)
Ev
where
ga(E) = goaexp[(E-Egmin)/kTZJ + gctaexp[-(Ec-E)/le] (4)
and
gd(E) = godexp[-(E-Egmin)/kTs] + gvtdexp[(Ev-E)/kTQ] (5)

are -the exponential approximations for the density of acceptor-like
and donor-like localized slates, respectively, with.goa = 9.4 gmin/2
= Sx‘lol5 cm"aev..I for the deep gap states, and 9ctar Jytg 3T the DOS
where the acceptor-like and donor-like tail states intercept the

conduction and valence bands, respectively.
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To simplify calculations we have used a zero temperature
distribution function f(T=0K) for trapped carriers [4]. This
introduces insignificant error as shown by the excellent agreement
between the simulated and experimental data for a wide temperature
range [11].

In this approximation the probability of electrons occupying the
acceptor-like trap states is given by:

0, ' Etna <Ec< Ec
fea(E) = n/(n+Cp), Etpa <E< Etna (6)
1, | Ev <EK< Etpa

whereas the probabfility of holes occupying the donor-like trap states
is given by: '

—~

0, Etnd <gc< Ec
= < <
fhd(E) p/(nC+p), Etpd E Etnd (7)
1, Ev <ECK Etpd

- Both trapped holes and electrons enter the Poisson's equation
through the space-charge density, po(x), where:

p(x) = [Py (X)-ny (X)+N(x)-N_(x)+n(x)-p(x)] (8)

Here n(x) and p(x) are the concentrations of free electrons and holes,

and N;(x), N;(x) are the concentrations of ionized shallow donors and
acceptors, respectively.

The computer simulation is based on a solution (in one dimension)
of Poisson's equation governing the electric potential distribution

across the cell:

dF/dx = p(x)/¢ ~ (9)
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along with the current continuity equations:

-1/q dJn/dx = B(x) - R(x) (10)
1/q de/dx = G(x) - R(x) (1)
where
Jn = qun(nF + kT/q dn/dx) ' (12)
and
Jp = qup(pF - kT/q dp/dx) (13)

are the electron and hole current densities (drift + diffusion), F(x)
js the electric field, ¢ is the permittivity of the alloy material,
¥, = 10 cmz/Vs and up = 0.5 cmZ/VS are the electron and hole band
mobilities, and G(x) and R(x) are the generation and recombination
rates, respectively.

The recombination rate, R(x), is based on the Shockley-Read-Hall
(SRH) récombination model extended over the rangé of states acting as
recombination centers and located between the electron and hole trap

quasi-Fermi levels, E E for acceptor-like states:

tna’ “tpa
Etna = Ec + (kT In[(n+Cp)/Nc]) : (14)
Etpa = Ev - (kT In[(p+n/C)/Nv]) (15)
and Etnd' Etpd for donor-1ike states [4,12]:
Etnd = EC + (KT In[(n+p/C)/Nc]) (16)
Etpd = Ev = (kT In[(nC+p)/Nv]) (17)
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R(x) is given by:

litna Etnd
R(X) = (pn=n3) Cv,p o [f9,(E)F, (E)AE + [g,(E)F,  (E)AE] (18)
Etpa | | Etpd

where ny is the intrinsic carrier concentration, the nf term is

responsible for thermal generation of carriers, vth is the thermal
veiocity and dn is the neutral trap cross-section. For a-SiiH, dn

is taken to be on the order of 10-]6 cm2 and exponentially increases
to :%xlo-16 cm2 for an a-Si:Ge:H alloy with an optical band-gap of 1.5
ev. C 1is the ratio between the charged and neutral trap
cross-sections. After Hack et al. [4] we assumed it to be 100.

A very important aspect of double- and triple-cell simulation is
the accurate description of photo-excitation which depends on the
optical band-gap of each cell and the energy of the photons incident
on that cell. 1In the case of a multi~cell simulation, one has to
account for the absorption in the upper cell(s) before the radiation
reaches the middie or bottom devices. Since our structure has a
graded intrinsic region -- and hence an optical band-gap which changes
with position -- we need to calculate the absorption coefficient for
each mesh point and then the corresponding generation rate. The
absorption coefficient is computed for direct:

(ahv)?*3 = Const(hv - Eopt) (19)

and sub-band-gap absorption. The Const term was assumed to
-1 -0.5 ' )
be 700 cm ev -~ (13]. The generation rate is computed from the

following formula:

6(x) = &(x,x)exp[-a(r,x)dx] (20)



3.3.3.

where & is fhe. jncident photon flux at each mesh point, already
accounting for the absorption in previous layers, and dx is the mesh
thickness. To account for muitiple scattering of weakly absorbed red
light, the generation rate is calculated from three or four light passes
through the cell. Obviously, for global AM1.5 illumination this procedure
must be repeated for each wavelength composing the solar spectrum.

We also included in the solar cell model the external parasitic
series and shunt resistances which seriously degrade the device
performance. We have assumed that external series resistance is on the
order of 1 to 2 Ohms and parasitic external shunt resistance is infinitely
large in high quality cells.

Finally, the heterojunction discontinuity between the wide-band-gap
microcrystalline contacts and the amorphous bulk is modeled as being split
equally between the conduction and valence bands. Also, the grading in
the intrinsic region is assumed to be equally apportioned at both the
valence and conduction band. At the heterojunction interface we assumed a

surface state density of 'Io]2 cm-zev-1.

SINGLE-CELL SIMULATION

The solution of the full set of potential and transport equations
coupled with empirical formulas depicting the realistic cell parameter§ '
leads to an excellent agreement between measured and simulated J-V
characteristics of narrow- and wide-band-gap cells with different
thicknesses and under various illumination conditions. In Table III we
present the results of the simulation for various band-gap single-junction
solar cells under global AM1.5 and monochromatic illumination and compare
them to the measured J-V data. These devices have uniform fintrinsic
layers, i.e, no band-gap profiling. For the simulation we have assumed
that microcrystalline n+ and p+ contacts have activation energies of 0.2
eV and optical band-gaps of 1.9 eV.

We have also simulated a number of single-junction devices fabricated
in our laboratory with profiled band-gap intrinsic layers. The results of
these calculations have been discussed previously. One example is the

_ simulation of the J-V characteristics of a bottom cell with a Ge-profiled

i-layer. These results are compared with the actual, measured data in
Table 1IV.



Table III. Comparison between the experimental and simulated J-v
characteristics of single-junction devices with uniform intrinsic
layers for various _ illumination conditions and cell
characteristics.

Device # 2803 Uniform intrinsic layer

Thickness = 1200 & Eopt = 1.75 eV
Global AM1.5

Parameters Experiment Simulation

Voc ([Volts] 0.96 0.98

Jsc [mA/cm’] 8.14 - 8.27

FF ‘ 0.77 0.74

Pmax [mk/cm’] '5.99 © 6.00
Device # 2727 Uniform intrinsic layer

Thickness = 6500 & Eopt = 1.72 eV
Global AM1.5

Parameters Experiment Simulation
Voc [Volts] 0.93 0.94
Jsc [mA/cmz] - 13.58 14.13
FF 0.62 0.59
Pmax [mW/cm’] 7.80 7.82

Yellow light

Parameters Experiment Simulation
Voc [Volts] 0.90 0.92
Jsc [mA/cmzl 7.76 7.84
FF 0.59 0.57
Pmax [mﬂ/cmZ] 4.13 4.10
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Table III.

(cont.)

Device # 2726

Thickness

Parameters

Voc [Volts]2
Jsc [mA/cm ]
FF

Pmax [mw/cmZ]

Parameters

Voc [Volts]
Jsc [mA/cmZ]
FF '
Pmax [mw/cmzl

3000 A

Uniform intrinsic layer

Global AM1.5

Experiment

0.79
14.01
0.62

6.83

Red light

Experiment

0.73
3.43
0.57
1.43

Eopt = 1.55 eV

Simulation

0.79
13.97
0.61
6.76

Simulation

0.73
3.43
0.58
1.45

Device # 2718

Uniform intrinsic layer

Thickness = 3000 A Eopt = 1.47 eV

Parameters

Voc [Volts]

Jsc [mA/cmz]
FF

Pmax [mN/cmZ]

Parameters -

Voc [Volts]
Jsc [mA/cmz]
FF

Pmax [mN/cmZ]

Global AM1.5

Experiment

0.7

15.07
0.55
5.94

Red light

Experiment

0.66

4.64
0.50
1.5
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Simulation

0.7

15.02
0.56

5.95

Simulation

0.66
4.61
0.51
1.52



Table IV. Graded single-junction device with i-layer Eopt ranging from 1.72

3.3.4.

to 1.52 to 1.72 eVv.

Monochromatic red light

Parameter - Experiment Simulation
Voc [Volts] 0.63 0.63
Jsc  [mA/cn’] 2.19 2.17
FF 0.57 0.57
Pmax [mW/cm’] 0.79 0.78

Monochromatic bluetiight

Parameters Experiment Simulation
Voc [Volts] 0.65 0.65
Jsc [mA/cm2] 2.24 ' 2.35
- FF 0.66 0.62
Pmax [mW/cm’] 0.95 0.94

RESULTS OF TRIPLE-CELL SIMULATION

Below we present the data from the computer simulation of a
state-of-the-art, triple-junction, 13.6% cell fabricated in our
laboratory. The simulated J-V characteristics and band-gaps of the
intrinsic regions are shown in Table V. The top and middle cells,
made from a-Si:H material, had conventional, uniform band-gaps. The

"bottom, a-Si:Ge:H alloy cell, had an optimized band-gap profiling in
its i-layer, as discussed above and in other sections of this report.

The microcrystalline n+ and p+ contacts were 100 R thick, their
activatjon energies were 0.2 eV and their optical band-gap was assumed
to be 1.9 eVv.
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Table V.

Table VI.

‘Simulated triple-junction solar cell (13.6%) under global AM1.5
illumination.
Parameter "blue® cell “green” cell “red" cell total
“Jsc [mA/cm’] 7.42 7.94 8.88
Voc [Volts] 0.99 0.92 0.67 2.58
FF 0.77 0.61 0.57
Pmax [mN/cmZ] 5.68 4.49 3.43 13.60
vmax [Volts] 0.87 0.70 0.53 2.10
Jmax [mA/cm’) 6.45 6.45 6.45 6.45
Eopt [eVv] 1.75 1.72 graded

(1.72 > 1.45 <1.72)

Table VI shows the measured J-V characteristics of the actual,

13.6% cell.

the data agree very well with the simulated results.

Although limited to individual cells' photocurrents,

Also, the

overall performance of the experimental device fits quite well

with the numerical J-V characteristics.

Measured triple solar cell (13.6%) under global AM1.5 illumination.

Parameter *blue" cell “"green®" cell “red" cell total
Jsc [mA/cm?] .35 7.42 8.80 7.64
Voc [Volts] - - - 2.54
FF - -- -- 0.70
Pmax [mN/cmZ] - - - 13.6

Vmax [Volts] 0.87 0.70 0.53 2.11
Jmax [mA/cmZ] 6.45 6.45 6.45 6.45

Having thus established the credibility of our model to simulate
the multi-junction cell, we may concentrate on the optimization of the
overall triple structure.
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3.3.5.

PROPOSED MOODIFICATION IN TRIPLE SOLAR CELL ARCHITECTURE TO OPTIMIZE
THE OVERALL EFFICIENCY

In the discussions above, we have considered the cases when only
the bottom cell incorporated Ge. Since the double-profiled bottom
cell can deliver much greater currents, thus giving more power through
more efficient utilization of the red portion of the global AM1.5
spectrum, one may try to match this current in the other component

cells of the device by either decreasing the band-gap or increasing

the thickness of the top and middlie cells. We opted for a thicker,
1000 A, "blue* (top) cell, which is still thin enough to avoid
serious i1l factor degradation, and a double-profiled, (1.72eV >
1.59ev < 1.72eV), thinner middle cell. The bottom cell was also
double-profiled with its i-layer band-gap. ranging from 1.72eV to
1.35eV and back to 1.72eV.

The simulated J-V data for this structure are shown in Table VII.
In Figs. 15a, b and ¢, one sees individual-cell J-V characteristics of
the proposed architecture compared to the simulated 13.6% cell. The
top cell has greater current while the Voc and FF do not suffer too
much. Conversely, the middle cell loses some of the open-circuit
voltage, but gains in short-circuit current and fill factor. The
bottom device does not contribute any increase in power over the 13.6%
red cell, due to the relatively poorer quality of the a-Si:Ge:H,
1.35 eV alloy. Nevertheless, the FF of the proposed red cell is made
better than the actual 13.6% "red" cell by compensating for the worse
short-circuit current and open-circuit voltage. The overall
efficiency of 14.34% could be obtained with this design without any
improvements in the material quality of present low band-gap alloys.
Any further progress in material quality would be reflected in even
greater device efficiency.

Table VII. J-V characteristics of a proposed triple~cell configuration.

Parameter *blue” cell “green® cell “red" cell total
Jsc [mA/cmz] 8.27 9.25 8.28

Voc [Volts] 1.01 0.85 0.61 2.45
FF 0.77 0.63 0.61

Pmax [mW/cm] 6.45 4.85 3.04 14.34
Vmax [Volts] 0.95 0.7 0.45 2.1
Jmax [mA/cm?] 6.80 6.80 6.80 " 6.80
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Fig. 15. Simulated J-V characteristics of solar cell components of an

actual (13.6%) triple device and proposed (14.34%) structure.



3.4.

CONCLUSIONS

We have presented the a-Si based solar cell model which allows fgr:
* Single, double or triple solar cell simulation;
* Spatial, optical and mobility band-gap variation in each cell;

* pDifferentiation between the amorphous and microcrystalline

materials, and appropriate modeling of them;

* Calculation of the photogeneration rate from direct and sub-band-gap
absorption, for monochromatic and global AM1.5 illumination, with
multiple light scatterings;

* parasitic resistances, Rser and Rshunt, external to the device;

* Realistic accounting for the worsening of transport parameters with
band-gap narrowing, doping and recombination at the
hetero-interfaces.

We have shown that there 1is an excellent agreement between the
simulated and measured J-V characteristics of experimental devices with
various optical band-gaps (1.75 to 1.47 eV), thicknesses and different
i1lumination conditions. The model also gives good agreement with
experimental results for triple-cell structures.

We also discussed a novel cell design which allows us to obtain
higher efficiency from cells by suitable profiling of the optical
band-gap in the intrinsic layer. Finally, we showed that using the
novel architecture and presently available materials, it is possible to
obtain 14.34% efficiency using the triple-cell configuration.



4.1.

4.2.

SECTION 4
DEVICE OPTIMIZATION AND STATUS

INTRODUCTION
Using the concepts outlined in the previous sections, we have

optimized both single and multi-junction devices. We have also
developed a new grid design which reduces the difference between

total- and active-area efficiencies. The results are described below. ’

OPTIMIZATION OF GRID DESIGN

In order to minimize the difference between the total- and
active-area efficiencies of our devices, we have developed a model
which will optimize the effectiveness of our grid pattern in terms of
device total-area efficiency while minimizing the loss in active-area
efficiency. The model is completely general and can consider any type
of device, single- or multi-junction, any range of TCO or
metallization resistivities, and any device and finger geometry.

The general approach was to divide the device, mathematically,
into tiny current elements, as shown in Fig. 16. Each of these
current elements may have its own I-V characteristic, i.e., light I-V
curve for TCO element or dark I-V for grid element, as well as its own
sheet resistivity. The size of eéch current element is dictated by
the resolution needed to model the smallest features on the surface,
in this case the minimum width of a finger, which was taken to be five
thousandths of an inch.

We next applied a voltage bias at some point on the device, e.g.,
the contact pad, and then raised the operating voltage of each current
element until Kirchoff's .equations were satisfied for each current
element. In this case, we have:

if j+
Ai,j X Ji,j(v) - I b2 (vi,j-vx,y)/R = 0 (21)
x=i-1 y=j-1
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Fig. 16. Schematic drawing of a photovoltaic device used in the grid-design
optimization model, showing the I-V characteristics of the IT0-
and grid-covered regions.
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where the first term is the generated current in the devite, Ai ; is
the area of element (i,j), and J, .(V) is the current density of

1,3
element (i,j) at voltage, V. The second term is the sheet current

where V1 j is the operating voltage of element (i,]), vx y the
operating voltage of an adjacent element (x,y), and R is the

resistivity between (i,j) and (x,y) given by:
R= 8 [(pu/21) 1n(3(d/2)/(d/2))] = 1.40pCI (22)

where P is the sheet resistance of the current element.

.In Fig. 17 we see our present {inger pattern. The rectangular
pattern is the border between TCO and metallization. The curved lines
represent lines of equal potential and are calculated from the model
and labeled in mV with respect to the contact point .which is
arbitrarily set to zero volts. (Only half of the device is shown due
to exact symmetry.) The underlined values are experimentally
determined and, as one can see, agree quite well with the calculated
values. The sheet resistivities were 160 @/0 for the TCO and-
0.17 /0 for the metallization. The gradient of the equipotential
lines determines the path of current flow and, as can be seen, is
quite indirect with respect to the grid. Most of the devﬁce is
operating within 10 mv of the contact voltage; this is unnecessarily
small for a 7 mA, 2.5 volt device (i.e., our triple-junction cells).
The grid coverage here 1is about 8% of the total area and the
active-area efficiency loss is less than 0.5%.

We then optimized the finger pattern for total-area efficiency
while minimizing active-area efficiency losses and arrived at the
pattern shown in Fig. 18. We used the same sheet resistivities as in
the previous case. The voltage drops across the device are now much
more in line with what would be expected f{rom our optimized
high-voltage triple-junction devices. Note the 1lines of equal
potential run much more parallel to the metallization, resulting in a
direct current flow to the grid finger. This pattern results in a
2.5% difference between total- and active-area efficiency. The total
area efficiency is increased by 5% over the pattern in Fig. 17 while
the active-area efficiency is decreased by just 1%.
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Fig. 17. The present grid design, showing the grid pattern with fingers
and equal potential lines. The voltages are in mV with respect
to the potential at the contact pad.
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Fig. 18. The new grid design, optimized for high voltage triple-junction
devices, and designed to maximize total-area efficiency while
minimizing active-area efficiency losses.
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4.3.

INTRINSIC LAYERS WITH BAND-GAP PROFILING
" As we have discussed in Section 3, band-gap profiling in the
intrinsic layer can be used to fincrease the efficiency of a-Si:Ge
alloy devices. It offers the opportunity to modify the
generation-recombination rate profiles in the i-layer along with the
ability to introduce electric fields by electron affinity grading.
Each of these phenomena affects the Voc and FF of the graded band-gap
device. The generation-recombination rate profile determines how far,
on average, a carrier must travel to be collected or to recombine.
The affinity grading introduces electric fields which add to the
existing electric field within the device caused by the space charge.
The affinity electric field, which can be in any direction, can either
help or hinder the transport of f{ree tarriers; it depends on whether
or not the net field is increased or decreased by the affinity grading.
Several solar cells with graded band-gap intrinsic layers have
been fabricated in our 1laboratory. They have been produced by the

glow discharge decomposition of germane (GeH ) and disilane (Si HG)
gases with a hydrogen (H ) dilution and an r. f excited plasma. The

silicon to germanium concentration ratio in the bulk is varied by
changing the mass flow ratio of disilane to germane. In this manner,
the optical band-gap of the resulting alloy material can be accurately
and reproducibly controlled. The germanium concentration in the bulk
was determined by Auger. analysis, and the optical band-gap was
determined by quantum efficiency and reflection measurements of
uniform band-gap samples on stainless steel substrates.

For the purpose of this study, we have fabricated several a-Si:Ge
alloy devices. The band-gap profiles of these devices are shown in
Fig. 19. These sketches are meant to be used only to indicate the
structure of the device. No attempt has been made to include band
bending 1in the diagrams. A1l of the samples are deposited on
stainless steel and include 200A n+ and 100A& p+ contact (doped) layers
and 600&R of ITO as a TCO and AR coating. Samples L2722, L2723 and
L2726 all have 3000R intrinsic 1layers of silicon-germanium alloy.
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Fig. 19.

1.55 1.72 1.45 1.45 1.72
300nm 300nm 300nm
L2726 L2723 L2722
P { N P { N
FL/
1.72 1.6 1.72
T
650nm 450nm
Laza27 12763

Schematic band diagrams- of various a-Si and a-Si:Ge alloy n-i-p
devices showing the band-gap profiles across the intrinsic layer.

-43-



Sample L2727 has a 65008 silicon intrinsic layer while L2763 has a
4500_R silicon-germanium alloy intrinsic layer. Samples L2726, L2723
and L2722 are used to illustrate the general effect band-gap profiling
has on device performance. Samples L2727 and L2763 are used to study
grading in the middle cell of a triple device.

Figure 20 shows the J-V characteristics of samples L2726, L2723
and L2722 under both AM1.5 and red 1illumination. It s readily
apparent from these data that the device with the wider band-gap
nearest the p+ region (L2723) has the highest Voc while the device
with the narrow gap near the p+ region (L2722) has the hfghest FF.
Figure 21 shows the dark current-voltage characteristics of the same
three devices. From these data one can see that the higher Voc is due
to the decreased slope of the dark forward characteristic.

These results can be explained in a consistent manner by using
the following simple model. Consider the device with the narrowest
gap-materiaL near the p+ contact. Since the density of states is
highest near the p+ region, the point in the device where the
recombination rate is the greatest is shifted towards the p* contact.
Thus the average distance that an injected hole travels before
recombining is reduced and a larger current can flow at a given
forward bias. This effect tends to reduce the Voc. However, since
the narrowest gap material 1is nearest the p+. the average distance
that holes travel 1is reduced and the FF is improved. The affinity
grading also provides an electric field that tends to help holes
traverse the bulk of the intrinsic layer, thus providing additional
improvement in the carrier collection and FF.

In order to increase the current from the triple device, it is
necessary to increase the current from the middle cell. This can be
achieved by increasing the thickness or decreasing the band-gap of the
middle-cell i-layer. Of these two alternatives, the reduction of the
band-gap is the most desirable, since obtaining a significant increase -
in current by increasing thickness would require the middlie intrinsic
layer to become much too thick to efficiently extract carriers. 1In

Fig. 19 we showed a 65008 amorphous silicon device, L2727, and a 45008
silicon-germanium alloy device, L2763. This germanium alloy device
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profiles).
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4.4.

has 15008 of a:Si:H on top of the n* layer followed by 3000R of
linearly-graded germanium alloy. The band-gap decreases from 1.72 eV
at the n+i interface to 1.55 eV near the p+i interface. The device
also has a linearly graded top buffer region to improve the Voc. The
J-V characteristics of these devices is shown in Fig. 22. Here we
show the AM1.5 and yellow light characteristics. The yellow light is
chosen to simulate the type of illumination present in the middle of a
triple-stacked cell. As one can see from the data, the germanium

“alloy device is not as efficient under white light; it is, however,

more efficient under yellow 1light. This is primarily due to the
enhanced FF of the alloy device. It is this type of graded band-gap
middle cell that is being used to increase the efficiency of our
triple-stacked multi-junction devices. '

DICE RESULTS

A very useful tool in evaluating the effect of band-gap profiling
on device performance is the measurement of the internal collection
probability versus position within the graded intrinsic layer. This
measurement was introduced by Takahama et al. [14] and referred to as
the Oynamic Internal Collection Efficiency (DICE). By definition,
this quantity is defined as the probability that an electron-hole pair
generated at a particular depth gets collected and contributes to the
external current. This probability is deconvoluted from the quantum
efficiency measurement at various applied voltages along with optical
data on each device. '

In Fig. 23 we show the collection probability function versus
intrinsic-layer position for samples L2722, L2723 and L2726. In
general we see a probability near unity through most of the
intrinsic-layer with the it falling near the p+i and n+1 interfaces.

-The drop in the probability near the p+1 interface is attributed to

+
electron transport through the device, while the drop near the n i
interface is due to hole transport through the device. We can see
quickly that there is very little change in the probability near the

p+i interface due to the various affinity gradings. Hence, this
grading has very little effect on electron transport. This is not the
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4.5.

case at the n+i interface. We can see that the i-layer grading of
sample L2722 very much aids hole transport over that of the constant
band-gap. sample L2726. If, however, the grading is reversed as in
sample L272§, we see a very sharp decrease in the hole transport
properties.

In addition to aiding hole transport - with these graded
structures, optical absorption profiles reveal that the mean carrier
path length can be 1increased or decreased by this optical band-gap
grading. For sample L2722, not only does the affinity grading aid .
hole transport over that of the constant band-gap case of sample L2726
(recall Fig. 23), but the mean hole path length is decreased
significantly by skewing the absorption profile toward the pf layer.
This is a result of the narrower band-gap material being near the p+i

. interface. The reverse situation occurs in sample L2723; that is, the

absorption is pushed toward the back of the device due to the narrower

band -gap material being near the n* layer, thus increasing the mean
path length for holes.

DEVICE STATUS

Employing the novel graded i-layer structure discussed above, we
have improved the performance of amorphous silicon-germanium alloys
and devices. The improvement in the narrow band-gap alloy resulted in
better fil1l1 factor and higher open-circuit voltage for a given
short-circuit current density. This has allowed us to incorporate
more germanium into the alloy and further increase the spectrum-
splitting feature of multi-junction devices. The following paragraphs
summarize our present device status.

Top Cell
The top cell in a triple configuration is exposed to the full

solar "insolation. It is very important that the top cell has high
voltage and good fill factor. The current density depends on the
matching of various multi-junction device configurations. Figure 24
shows the J-V characteristic of a top cell with approximately
8 mA/cmz. This device exhibits both high open-circuit voltage and
111 factor.
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Fig. 24. J-V characteristic of a thin amorphous silicon device measured under
global AM1.5 {1lumination at 25 C.



Bottom Cell ‘

As was mentioned ear11er; we have incorporated a novel structure
in the amorphous-silicon germanium cell which resulted in an improved
performance suitable for the bottom of a tandem or triple device. The
highest current density observed is approximately 23 mA/cmz. Figure
25 shows the J-V characteristic of a device that has Jsc = 22.4
_mA/cmz, Voc = .71 volt, FF = .58, and 9.2% efficiency measured under
global AM1.5. The quantum efficiency curve of this device is shown in
Fig. 26. It is noted that the collection is 46% at 800 nm, 29% at
850 nm and 8% at 900 nm.

Tandem Devices

Using the cell shown in Fig. 25 as the bottom cell and standard
amorphous silicon ailoy in the top cell, we have fabricated tandem
devices and achieved a 13% efficiency. Figure 27 shows the J-V
characteristic of this device which exhibits Jsc = 11.9 mA/cm2
1.635 volts, and FF = 0.67. Figure 28 displays the quantum efficiency
curve of this device. It is noted that the total photocurrent
generated: from this tandem structure is 24 mA/cmz, a significant
result.

, Voc =

Iriple Devices

The best triple device made to date is a 13.7% device using
amorphous silicon-germanium alloy in the bottom cell and amorphous
silicon alloy in the top and the middle cells. The J-V characteristic
and quantum efficiency curves are shown in Figs. 29 and 30,
respectively. Since we have been successful in incorporating more
germanium into the narrow band-gap material, we can reoptimize the
middle cell by incorporating a small amount of germanium into it. We
anticipate a higher short-circuit current density from this new

structure.
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Fig. 25. J-V characteristic of a narrow band-gap amornhous silicon-germanium
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Fig. 27. J-V characteristic of a two-cell tandem device measured under

global AM1.5 illumination at zs°c using a dual-source simulator.
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-54-



2 4 Jse (mA/em?2) = 7.68 Jnax (m/cmr2) = 6.48
Yoc (Yaltis) = 2.5 ¥max (Yolts) = 2.1t
Fill Factor = 0.70 Pin (m/cn*2) = 100 :
s Active A (cwr2)= 0.285 Prax (m/cmA2) = 3.7
o R(at Jsc) 4E+03 Ohm cn”2
<2 ¢ R(at Voc) 4E+01 Ohm cmr2
/o2
-+ +
- + _““'”;44/
-8 : + 4
9 1.5 2.28 3

Yolts

Fig. 29. J-V characteristic of a three-cell triple deviée measured under
global AM1.5 illumination at 25°C using a triple~-source simulator.

.9 : deh_tmA/om 2)
TCP 7.35
4 MIDOLE 7. 42

8OTTCM 8.8
TOTAL 23.57

428 = soa

sac
WAVELENGTH Chmd

703 Y sec

Fig. 30. Quantum efficiency of the triple device shown in Fig. 29.



4.6.

EFFECT OF PH, CONCENTRATION IN THE n* LAYER ON SINGLE AND TANDEM
DEVICE PERFORMANCE |

We have studied the performance of devices with various PH3

concentrations in the n+ layer. The intrinsic layer of these devices
has a thickness of approximately 1000&, and the devices were deposited
onto stainless steel substrates. Figure 31 shows the AM1.5 global J-V
characteristics of four qevices with different PH3 concentrations.
Figure 32 shows the blue and red responses for those devices shown in
Fig. 31. It can be seen that the blue fill factor is about the same

for all four cases, while the red response becomes poorer as the PH3

concentration increases (from a to d) in the n+ layer. It is easy to
understand that residual phosphorous in the intrinsic layer makes the
haterial v-type and hinders the hole transport properties. One would
then incline to use the lowest possible PH:i concentration in the 'n+
layer of the top cell in tandem devices.

“Along these lines, we have made four tandem devices using the four
cases in Fig. 31 as the top cell and the standard amorphous silicon
device with a 5000R thick intrinsic layer as the bottom cell. Figure
33 shows the J-V characteristics for these four tandem devices. An
obvious kink is observed in the lowest PH3 case (curve a), while the
highest PH3 concentration in the n2 layer (curve d) gives rise to
higher voltage and better fil1 factor. The higher voltage is
interpreted as due to the sharper p/i junction in the top cell
associated with v-type intrinsic material, while the higher fill
factor is the result of a better contact between pl and heavily doped
n2 layers, as evidenced from the reduced series resistance of the
device. Based on these results, therefore, one must be careful when
applying results from  single-junction device studies to the
multi-junction case. As seen from the above example, the
single-junction result behaves quite differently when it is applied to
a tandem device. '
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4.7.

DEVICE STABILITY STUDIES

Figure 34 shows the stability result for a high-efficiency
triple-junction device under AM1.5 illumination. This device showed a
typical degradation after 240 hours of about 13%. This device had an
jnitial efficiency of over 13% evaluated under a triple-source
simulator set for AM1.5 global standard test conditions. This figure
also shows the stability of the other J-V parameters: FF, Voc, and
Jsc.

Figure 35 shows the degradation of two Single-junction devices
with graded band-gap intrinsic layers versus hours of red-light
illumination. We see that the device with the higher efficiency also
degrades less. This can be understood since the affinity grading
which aids hole transport (narrow band-gap near the p+ layer) also
minimizes recombination -- the major cause of Staebler-Wronski
degradation - resulting in better carrier collection and a more
stable device, in addition to its higher conversion efficiéncy.
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Fig. 34, Stability of a triple-junction a-Si/a-Si/a-Si:Ge alloy solar cell, showing

the four I-V parameters versus exposure time under 1-sun 1llumination.
The device had an initial efficiency of over 13X as measured under a
triple-source simulator set to AM1.5 global standard test conditions.
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Stability of two single-junction a-Si:Ge alloy solar cells with graded
band-gap intrinsic layers, showing Pmax versus exposure time under
red-1ight 11lumination. The i-layers of these devices were graded in
opposite directions with their band-gap profiles as shown in Fig. 19.
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