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Technical Progress Report No. 5
DEVELOPMENT OF HIGH EFFICIENCY CASCADE SOLAR CELLS

Contract XM-9-8136 Under DOE-EG-77-C-01-4042

1.0 Introduction

This report summarizes the work conducted under the present con-
tract during the six month period from July 1, 1981 to December 31, 1981.

The basic objective of this work is to develop the technology
required to fabricate a two-junction cascade solar cell with a conver-—
sion efficiency of 30 percent or more under AMI.5 multisun illumination.
Intermediate objectives include improving the performance of previously
demonstrated AlGaAsSb/GaAsSb and AlGaAs/GaAs experimental cascade solar
cell structures and demonstration of a packaged cascade solar cell
assembly having a total area of at least 0.5 cm2 and an efficiency of
25 percent.

Work conducted at RTI previously under contract to SERI has involved
both computer modeling and experimental studies of two-junction cascade
cells of various bandgap configurations and III-V materials combinations
[Ref. 1,2]. In addition to the successful fabrication of demonstration
cells 1in AlGaAs/GaAs and AlGaAsSb/GaAsSb, this work has involved studies
in GaAlAs/GalnAs, GaAlAs/GaAsSb and GalnP/GalnAs materials systems. All
of the experimental cells have been prepared by standard liquid phase
epitaxy (LPE) using a multiple well, horizontal slider graphite boat;
related materials studies have also been conducted (and are continuing)
using organometallic-chemical vapor deposition (OM-CVD) growth techniques.

The present experimental work is focusing principally on the

GaAlAsSb/ GaAsSb cascade cell, which is of particular interest since it



offers the optimum bandgap combination of 1.8/1.2 eV for maximum effi-
ciency in high temperature concentrator applications. Computer modeling
studies have shown that a 1.8/1.2 eV cell should be capable of achieving
an AMI, 1 sun efficiency (active area) of about 33% at 300 K and 20.5%
at 475 K [3]. At 1000 suns (AMI.5), this cell is predicted to have an
active area efficiency somewhat greater than 26% at 475 K.

The major problem experienced thus far in the development of the
AlGaAsSb/GaAsSb cell has been the relatively low open circuit voltages
(V~") that have been characteristic of both top and bottom cell junctions.
Addressing this problem continues to be a major objective of the continued
development of this cell.

The AlGaAs/GaAs cell, whose experimental development is being
supported principally under Air Force contract, 1s being retained as a
backup to the antimonide cell. Although the AlGaAs/GaAs cell is not
capable of achieving the optimum 1.8/1.2 eV bandgap combination, it
avoids problems associated with lattice mismatch with the GaAs substrate
and offers a more proven materials technology. Computer analysis of
this cell (this report) shows that a 1.92/1.43 eV bandgap combination is
capable of achieving an active area efficiency of about 27 percent at
AMI.5, 300 K, 1 sun. At 500 suns this cell is predicted to have effi-
ciency values of about 30 percent at 300 K and 20 percent at 475 K.

Experimental AlGaAs/GaAs cells without AR coatings have exhibited
measured efficiency values of about 16 percent at AMI.5, 1 sun. This
development effort has been focusing on performance improvement through
improved tunnel Jjunction performance, better ohmic contacts, and an

optimized AR coating and on fabricating larger area cells.



Section 2.0 of this report highlights the experimental work con-
ducted during the report period on both AlGaAsSb/GaAsSb and AlGaAs/GaAs
cells while Section 3.0 presents the results of computer modeling studies
of AlGaAs/GaAs cell performance at high temperatures and high solar

concentrations



2.0 GaAlAsSb/GaAsSb Cell Development

The objective of this research is the development of a GaAlAsSb/
GaAsSb cascade cell consisting of a - 1.2 eV GaAsSb bottom cell and a
= 1.8 eV AlGaAsSb connecting junction, top cell, and window layer as
depicted in Figure 2.1. While the number of active layers required to
realize this structure can be as small as five (with diffused Jjunctions),
several additional step graded layers (or a continuously graded layer)
are needed to compensate for the lattice mismatch (* 0.8%) between the
bottom cell and the GaAs substrate.

The performance of experimental solar cell structures has been
adversely affected by low open circuit voltages that have characterized
both top and bottom cells and by interference from the tunnel junction
which must provide a good ohmic contact between the two cells. The low
Voc problem is believed to stem in part from the lattice mismatch with
the substrate while poor tunnel junction performance is attributed to
the difficulty in achieving and maintaining an abrupt doping profile
between n+ and p+ regions.

Efforts during this reporting period have focused principally on
improving tunnel junction performance and addressing the lattice mis-
match problem through 1) the use of multiple, constant composition LPE
layers between substrate and bottom cell and 2) the development of
OM-CVD techniques to grow graded GaAsSb layers (on GaAs) to serve as a

high quality substrate for LPE growth of subsequent cascade solar cells.
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Figure 2.1 GaAlAsSb/GaAsSb Cascade Cell



2.1 Bottom Cell Development

Since it 1is suspected that the VQC values characterizing the bottom
cell may be related to the lattice mismatch with the GaAs substrate,
several series of experiments were performed in an effort to address the
problem and improve device performance.

The first series of experiments involved growing a number of con-
stant composition layers on top of 4 step-graded layers used for lattice
grading and then growing a p-n junction having the same composition as the
constant composition layers. The constant composition layers were intro-
duced since there is experimental evidence that dislocations bend horizon-
tally in LPE layers and that dislocation densities are reduced by as much
as a factor of 3 to 10 [4]. The results of these growth runs proved fruit-
ful; Voc increased from ~ 0.3 V with no constant composition layers to
~ 0.5 V with six constant-composition layers. Not only did VoC increase
but the FF also improved. These results are illustrated in Figure 2.2
by the I-V curves for samples having 0 and 6 constant composition layers.

Further increases in the number of these layers is obviously limited
by the number of bins in the graphite boat. An alternate approach is to
shuttle back and forth between two melts of identical composition during
the growth sequence, permitting growth of as many such layers as desired
prior to junction formation. Junctions were grown on structures which
had as many as 54 (see Figure 2.3) of these constant-composition layers,
but the results of these experiments were not particularly encouraging.

The most positive conclusion was that surface morphologies improved and
were consistently good for these samples. A record high 1 sun of
0.58 V was measured on one sample (5 step-graded layers, 15 constant

composition layers) but this value was only marginally better than a



a. 0 constant-composition layers

b. 6 constant-composition layers

Vert: 0.1 mA/div

Hor: 0.1 v/div

Figure 2.2 Demonstration of the Effect of Increasing the Number of Constant-

Composition Layers Between a GaAsSb Junction and Step-Graded Layers.
(Illumination - 11 suns, AMO.)



Figure 2.3 GaAsSb p-n Junction (top two layers) Grown on 48 Constant-
Composition and 6 Step-Graded Layers.

previous best high of 0.55 V, and the range of measured voc values (0.45
to 0.55 V) was indistinguishable from the range of values characteristic
of samples having only a few constant composition layers. Figure 2.4
shows the I-V characteristic of the best GaAsSb bottom cell. This cell
is characterized by a JSC of ~ 8 mA/cm2 and a diode factor of 1.67;
these values are also similar to those of cells with fewer layers. The
quantum efficiency shown in Figure 2.5 peaks at ~ 35% and is repre-
sentative of the better GaAsSb junction.

In considering why there was no further improvement in V as the
number of constant-composition layers continued to increase, the role of
dislocations was further examined. In spite of the excellent surface

morphologies, two disconcerting facts were noted about the many-layered



Vert: 0.02 mA/div

Hor: 0.2 Vv/div

Figure 2.4 I-V Characteristic of GaAsSb p-n Junction Grown on 16 Constant-

Composition and 6 Step-Graded Layers. (V = 0.58 V,
J - 8.1 mA/cm2) oc
sc
samples: (1) the photoluminescence (PL) intensity did not increase for

these samples, and (2) the etch pit densities (EPD) were still high.
Figure 2.6 shows a GaAsSb surface after a 1 minute etch in a cooled
solution of HF:CH”COOH:H202:H"O (1:4:2:2) [5]; this solution is reported
to produce well formed pits on (111)A and (100) surfaces of antimonide
alloys [6]. The EPD is greater than 10 cm (too high to count accu-
rately), and with EPD's of this magnitude poor device performance is to
be expected. The magnitude of the EPD count was disappointing because
the surface morphology of this particular sample (#TC115) was one of the
best, and there was no apparent EPD difference between this sample and
samples grown without the constant-composition layers. Because there is

some variation of the EPD from sample to sample and even across the



QUANTUM EFFICIENCY

11000

0
PHOTON WAVELENGTH (A)

Figure 2.5 Quantum Efficiency of GaAsSb p-n Junction Grown on 14 Constant-
Composition and 6 Step-Graded Layers.
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Figure 2.6 Indication of the Etch Pit Density of a Surface of a GaAsSb
p-n Junction Grown on 24 Constant-Composition Layers and 6
Step-Graded Layers. (EPD > 108 cm 2, 1450x)

surface of a single sample, inconsistent device performance may be the

result.

To summarize these experiments, the surface morphologies improved

as the number of constant composition layers was increased, but the

device performance was

essentially identical to GaAsSb cells grown on

step-graded layers with only a few constant composition layers. The EPD

data supports the work
6 8 i

10 and 10 for single

(111)A GaAs substrates

is noteworthy that all

of Moon, et al, who measured EPD counts between
layers of GaAsSb and AlGaAsSb grown directly on
and layers grown with continuous grading [6]. It

of this work was done on (111)A GaAs substrates.

Another sequence of experiments involved growth at low temperature

(~ 700°C). The lower growth temperatures help reduce the tendency of

11



the Group V elements (which have higher vapor pressures) to form vacan-
cies and other point defects. These point defects are also potential
sources of poor device performance. These experiments, however, were

not successful; no single phase crystals were grown at the lower tempera-
tures. These results are in agreement with the work of Lendvay, et al,
who reported poor epitaxial growth for GaAsSb and AlGaAsSb below tempera-
tures of ~ 750°C [7]. No further low temperature experiments are planned
at present.

In conclusion then, some improvement in device performance has been
realized by the addition of several (up to ~ 6) constant-composition layers
over the step-graded layers. However, further increases in the number of
constant composition layers and LPE growths at lower temperatures did not
result in further performance improvements. Dislocations as measured by
EPD counts are still too high (> 107 or 10s céﬁ ] and are suspected of

keeping ™QC’S pinned in the wvicinity of 0.5 V. Further efforts to improve

junction performance by grading techniques will involve OM-CVD experiments.

2.2 Top Cell Development

Low open circuit voltage is also common to AlGaAsSb Jjunctions, and
it is anticipated that solving the problem in the ternary bottom cell
will very likely lead to improved quaternary junctions. Also, since
GaAsSb 1is easier to grow than AlGaAsSb, this problem is being addressed
in the ternary first. In addition to the problem, AlGaAsSb layers
have also been characterized by high dislocation densities, as shown in
Figure 2.7; this photomicrograph was taken of the etched surface of an
AlGaAsSb diode grown on 3 step-graded layers. The equilateral triangular

pattern, characteristic of the (111) surface, 1is apparent and the EPD is

12



Figure 2.7 1Indication of EPD in the Surface of an AlGaAsSb p-n Junction

Grown on 3 Step-Graded Layers and a (l11)A GaAs Substrate

too high to count, particularly at this lower magnification (440%*).
is believed that this high dislocation density stems in part from the

lattice mismatch with the substrate.

2.3 Tunnel Junction Development

Because of tunnel junction interference in the cascade structure,
some work with the AlGaAsSb connecting junctions has been undertaken.
Tunnel junction improvement has been sought by two means: optimizing
the doping levels of the current n- and p-type dopants (Te and Ge,

respectively) and seeking new dopants, particularly p-type. Increasing

It

the Ge concentration by 70% in the melt from which the p+ layer is grown

has resulted in 1.7 eV tunnel junctions which have peak current densities

13



as high as 2.3 A/cmz. Junctions grown previously with this bandgap had
current densities in the mA/cm2 range; the I-V curve of this Jjunction is
shown in Figure 2.8. Further increases in the Ge concentration resulted
in samples with unacceptable surface morphologies and poorer performance.
In considering other p-type dopants, the major difficulty is that
most potential candidates—Re, Zn, Cd, and Mg—are rapid diffusers and
thus it is difficult to grow subsequent layers while retaining the
abrupt doping profile and tunneling properties of the tunnel junction.
One sample was grown, however, to determine the feasibility of junction
formation using a p-type, rapidly-diffusing dopant. Be and Te were used
as the p- and n-type dopants, respectively. The forward I-V characteris-
tic of the resulting device is shown in Figure 2.9. In addition to the
major peak, some structure in the excess current region 1is present. The
peak current density, J%, was only 62 mA/cm2 as compared to the 2.3 A/cm2
for the diode shown in Figure 2.8 and the differential resistance (dv/dl)
near 0 V is 166 as compared to 5 for the Ge-doped diode in Figure 2.8.
The performance of the Ge-doped diodes is clearly superior to this Be-

doped one, and Ge will be retained as the tunnel junction p-type dopant.

2.4 Cascade Cell Growth Experiments

Most of the effort during the past six months has been directed
toward solving the low V© problem associated with separately grown
cells; consequently, there has been relatively little work on complete
cascade structures except for some preliminary growth experiments on
cascade cells with diffused (rather than abrupt) top and bottom
junctions. Although diffused junction cells generally exhibit better

junction characteristics, these particular samples had two problems:

14



Vert: 20 mA/div

Hor: 0.2 Vv/div

Figure 2.8 I-V Characteristic of 177 eV AlGaAsSb Tunnel Diode
(Device area = 3.2 x 10 2 cm2, J =2.3 A/cm2)

P
Vert: 0.1 mA/div
Hor: 0.05 v/div
Figure 9 Forward I-V Characteristic of AlGaAsSb Tunnel Junction Using
Be as the p-type Dopant. (Junction area "~ 1 x 10 2 cm2)

15



shorted top cells, and/or tunnel junction interference. The shorted top
cells resulted from poor layer quality caused by insufficient growth times
coupled with the slow growth rate characteristic of the AlGaAsSb material;
top layer nonuniformity appeared to be further complicated by poor
surface morphology of the underlying tunnel Jjunction layers.

Improvements in bottom cell/tunnel junction surface morphologies
(as previously discussed) and modification of top layer growth conditions
should alleviate this problem in future experiments. (Previous experi-
ments involving cascade cell growth using Ge-doped (abrupt) Jjunctions
have been duplicated but these devices are characterized by voc values

on the order of 1 volt as indicated in Figure 2.10).

Vert: 0.05 mA/div

Hor: 0.5 Vv/div

Figure 2.10 I-V Curve of Cascade Structure Grown with Ge-doped (abrupt)
Junction. (Illumination = 10 suns, AMO)

16



2.5 OM-CVD Growth of GaAsSb

Efforts to improve bottom and top cell performance have been directed
primarily towards reducing the number of dislocations resulting from the
~ 0.8% lattice mismatch between the GaAs substrate and the GaAsSb bottom
cell. Several different schemes using LPE have been tried, but the dis-
location density (as indicated by EPD counts) is still very high. Even
when using an effective continuous grading technique, Moon, et al,

6 2

report EPD's > 1 x 10 cm for LPE growth on (111)A GaAs substrates

[6]. The OM-CVD growth technique offers some advantages for composi-

tional grading as indicated below:

1. Very thin layers can be grown reproducibly,
2. Surface morphologies tend to be superior to those of LPE, and
3. OM-CVD, wunlike LPE, is not an equilibrium process and compo-

sitions even in the miscibility-gap range of the Ga-As-Sb
system can be and have been grown.

The OM-CVD growth effort has had several major goals. First, it is
necessary to grow the compositions of interest for grading between the
substrate and bottom cell. This particular goal has presented few
problems since the bottom cell is GaAs_L SbX (x = .13), a composition
well outside the miscibility gap. In fact, compositions as high as
x = 0.70 have been grown. Therefore, ternary composition does not
appear to be a problem.

Almost as important as the composition is the surface morphology
since other layers will be grown on the graded ones. The OM-CVD growths
have generally had excellent morphologies and a typical example 1is shown
in Figure 2.11. The surfaces are mirrorlike and are quite sensitive to

substrate preparation—the cleaner and more perfect substrates yield

17



Figure 2.11 Surface Morphology of GaAs” Layer Grown on (100) GaAs
(2° toward (110)) (150x). Cross-hatching characteristic of
this substrate orientation. 6 step-graded layers are included
in the structure.

better epitaxial layers. The cross-hatched pattern is characteristic of
the (100)-oriented substrate (2° toward (110)), and these surfaces
appear identical to those reported by Cooper, et al, in their investi-
gations of OM-CVD grown GaAsSb [8]. The surface morphologies have
remained good for x - 0.30 but are degraded above this wvalue as the
mismatch becomes quite severe (> 2%).

In addition to good surface morphology, the intensity of the PL
response has been strong for the OM-CVD grown material and, in fact, has
been as strong as that of LPE-grown material of the same composition in
most cases. The full-width-at-half-maximum (FWHM) numbers have been
quite good—in the range of 40 to 70 meV—and a plot of FWHM vs the room

temperature bandgap (determined by PL) is shown in Figure 2.12. This

18



(meV)

Figure 2.12

Bandgap (eV)

Full-width-at-half-maximum vs Bandgap of OMCVD-grown GaAsSb.



plot shows an increase in FWHM as the Sb incorporated into the grown
layers increases, 1i.e., as the bandgap decreases. These FWHM values
are, nonetheless, lower than those of LPE-grown material which have
typically ranged from 65 to 110 meV, almost a factor of 2 greater than
that of the OM-CVD samples. This provides an indication of the high
crystalline perfection of the OM-CVD grown samples.

Hall measurements performed on unintentionally doped GaAsSb layers
grown on Cr-doped substrates indicated that the material was p-type with
carrier concentrations in the mid—lO16 cﬁg range. This was somewhat
surprising and may be the result of impurities in the trimethylantimony
bubbler and the relatively high Group Il1l1/Group V ratio which is used in
these growths. Further work on this aspect of the OM-CVD growths will
continue.

After it was established that the compositions of interest could be
easily grown, multi-layered growths were then initiated. Figure 2.13
illustrates a cleaved, stained cross-section of a sample consisting of a
GaAs buffer layer, seven step-graded layers, and three constant compo-
sition GaAsSb layers (15.6% GaSb). The layers are very uniform and
reproducible. The total structure is about 7.9 pm thick, the growth
rate being ~ 0.12 ym/min with the conditions being used.

Growth on (111) GaAs was then initiated because this has been the
substrate most frequently used for the LPE growth, and one objective of
the OM-CVD experiments is to effect the necessary lattice matching by
OM-CVD, and then grow the active layers of the cascade structure by LPE
to take advantage of the superior electrical properties that are generally
associated with LPE layers. OM-CVD growth on the (111)A face has been

accomplished, but the surface morphology is not as good as that of the

20



Figure 2.13 Cleaved, Stained Cross-section of OMCVD-grown, Multilayered
Structure (1450x).

(100) face. One of the best (111) surfaces is shown in Figure 2.14,
which compares (111) and (100) surfaces that were grown at the same
time. An interesting note about the composition of these layers is that
there is a 2 to 3% greater increase in Sb incorporation on the (111)A
surface than on the (100) one, and this trend has been seen consistently
when (100) and (111) samples are grown side by side. The (111)B surface
has yielded only polycrystalline material to date.

Perhaps the most meaningful result of these experiments has come
from a comparison of EPD's for the two orientations. Photomicrographs
(1450x) of (100) and (111)A surfaces after etching in the
H20:H202;CH"COOH:HF solution for 25 sec and 90 sec, respectively, are

shown in Figure 2.15. Here, the EPD count is far greater for the (111)

21



a. (111)A GaAs substrate (300x)

Figure 2.14 Photomicrographs of GaAsSb Layers Grown Simultaneously on
(100)- and (111)-GaAs Substrates.

22



a. (I1l) GaAsSb surface (1450x): 25 sec etch

b. (100) GaAsSb surface (1450 ): 90 sec etch

Figure 2.15 Etch Pits for (111)- and (100)-GaAsSb Surfaces.

23



surface, and it looks very much like the EPD pattern for the best LPE
layers. The pit count is far lower on the (100) surface, and there were
significant areas of this (100) surface which had far fewer pits than is
shown in the photomicrograph.

This finding led to a very careful examination of the pit densities

A 6 -2
of (100) surfaces. These densities have ranged from 6 x 10 cm to
6 wn 2
1 x 10 cm . A very typical pattern is shown in Figure 2.16 where the
. 6 h . . .
EPD is ~ 2 x 10 cm ; here, as with the first comparison, there are

areas where the pitting is more dense and considerable areas where the
pitting is less dense. This variation in pit density very easily ex-
plains the difference in junction performance from mesa to mesa in the
same substrate and from substrate to substrate. This represents a
dislocation reduction of at least two orders of magnitude over the (111)
LPE and the (111) OM-CVD samples, and it is hoped that better device
performance will result from this significant reduction in dislocation
density.

As a final note of comparison, a (111) GaAsSb surface is shown in
Figure 2.17 before and after a 40 sec EPD etch. Also shown in this
figure are enlarged areas after 20 sec and 40 sec of etching. A com-
parison of Figure 2.17 with Figure 2.16 emphasizes the reduction in EPD

characteristic o material grown on (100)-oriented substrates.
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Figure 2.16 Etch Pits of Typical (100) GaAsSb Layer
(EPD = 2 x IQ6 cm 2)
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c. (I1l) GaAsSb layer before (top) and after 40 sec etch (710x)

Figure 2.17 Effect of Etching on (111) GaAsSb Layers
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2.6 Conclusions

The following is a summary of the results of the GaAsSb/GaAlAsSb

work during this report period:

1. Several grading schemes using LPE have been tried which
resulted in surface morphology improvement; the use of several
step-graded layers plus a few constant composition layers
appears to improve Jjunction VQC*

2. Tunnel junction performance has been improved by increasing
the p-type dopant concentration in the melt. Dopants which
diffuse rapidly do not appear to give performance nearly as
good as Ge-doped layers.

3. Initial growth experiments on complete cascade structures with
diffused junctions resulted in structures with shorted top
cells. Growth conditions will be modified to improve top
layer quality.

4, Good quality OM-CVD GaAsSb layers have been grown on (100)
GaAs. The PL intensity is comparable to the best LPE material,
surface morphologies are excellent, and layers are very uni-
form and are grown reproducibly. The necessary compositions
have been grown on both (100) and (111)A substrates for lattice
matching. The EPD's of (111) surfaces are about 2 orders of
magnitude higher than the (100) surface for samples which were
grown at the same time, and this is probably the most signifi-

cant result of this report period.
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3.0 AlGaAs/GaAs Cell Development

Although the 1.92/1.43 eV top cell/bottom cell bandgap values for
this cascade structure do not correspond exactly to the optimum values
of 1.8/1.2 eV for a two-junction concentrator cell, computer modeling
studies of the AlGaAs/GaAs cell (see Section 4.0) show that it can meet
or exceed the efficiency goals of the present contract.

The structure under development is depicted in Figure 3.1 and
consists of Be diffused top and bottom cell junctions of AlGaAs and
GaAs, respectively, which are connected together by an AlGaAs tunnel
junction. The AlGaAs window layer used with the bottom cell serves to
provide better control of Be diffusion during junction formation [2].

Efficiencies of the best experimental cells have remained around
15-16% (1 sun, AMI.5, without AR coatings). When equipped with a two-
layer AR coating, these values should increase to the 20 to 21% range;
this compares with a projected efficiency of approximately 27% for the
AlGaAs cell.

The major factors limiting performance of experimental cells appear
to be directly or indirectly related to the tunnel junction. Specifically,
these involve 1) poor tunnel junction performance due either to an
optically active junction or to poor ohmic contact and 2) poor top cell
performance resulting from dislocations introduced into upper LPE layers
by defects in the highly doped tunnel junction layers. Consequently,
efforts during the past six months have focused on improving tunnel
junction and top cell performance.

The following observations have resulted from recent work:
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Figure 3.1 GaAlAs/GaAs Cascade Cell

29



The atomic fraction of Be in the Al" g”a” -"As window layer is
fairly critical. A very high atomic percent (greater than
0.1%) 1in the AlGaAs melt results in excessive Be diffusion and
produces a top cell diffused junction depth greater than
several microns. For Be less than 0.01 atomic percent, the
carrier concentration in the window layer is usually in the
high lO17 cm_3 range, and no noticable diffusion of Be into the
n-AJ-Q 370 yAs layer is observed. These results indicate that
the diffusion of Be depends heavily on its concentration.

Best results (in terms of diffused AlGaAs junctions) have been
obtained with Be in the range of 0.02 to 0.06 atomic percent.
These values include the unavoidable losses of Be due to the
presence of water vapor and oxygen in flowing in the LPE
reactor.

It has been noticed consistently that any minor leaks in the
system result in Voc values of = 0.5 V for material having a
bandgap of 1.9 eV.

SEM and EBIC scans on cleaved junctions showed that low

values are associated with a P_Al0 gGaQ "As/u-AIo "“GaQ yAs
heterojunction (rather than a junction diffused beneath the
interface) where a high density of defect are present. For a
sample with Voc 1 v a diffused junction with a junction
depth in the range from 1 to 2 ym was observed. The best V

ocC

for a Alﬁ.gGaﬁ'7As ;unction was 1.32 V.
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The open circuit voltage of both top and bottom cells was improved
by doping the n-side of the junctions with Sn to the mid 1017/cm3
range. This has resulted in a cascade cell VQC °f 2.21 V at one sun,
without the effect of the nonlinear part of the tunnel junction. The
corresponding FT for this 2.21 cell is about 0.78; this is the best
(FF) (Vgc) product obtained so far. The short circuit current for this
run was only about 10 mA/cmZ. The V-I characteristic for this sample 1is
shown in Figure 3.2.

Another sample recently exhibited a current density of 13.6 mA/cm
(AMO, 1 sun, no AR coat), which is a record high for the AlGaAs/GaAs
cascade cell during this project. Unfortunately, this sample was charac-
terized by a Voc of only 2.05 V and the fill factor was relatively low
(= 0.7). Figure 3.3 illustrates the spectral response measured for this
cell.

A multiple well LPE boat capable of handling 2 * 2 cm substrates
has been designed and fabricated and LPE growth runs have been initiated
on the larger substrates. (Runs are continuing on 1 x 1 cm substrates.)

Initially, a GaAlAs top cell (E =1.8 to 1.9 eV) was grown to check out

the growth system. Be was diffused from an Al”" g”ao wind’w to form
the junction. Surface morphology across the 2 x 2 cm substrate was very
good. The substrate was subsequently sliced into four 1 cm samples.

Ohmic contact to mesa structures across one sample showed open circuit
voltages in the range of 1.25 to 1.31 V for almost all the mesas. Short
circuit currents in the range of 13 to 15 mA/cm were measured on all

the mesas. This 2 x 2 cm substrate run has been repeated and essentially

the same results were obtained. More recently, complete cascade cells
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Overall Quantum Efficiency

Wavelength (pm)

Figure 3.3 Quantum Efficiency Measured on Cascade Solar Cell Sample R-239-C (3-4)
Without AR Coating
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have been fabricated on the 2 x 2 cm substrates. These runs will be

evaluated after each wafer is processed into 12 x 12 mesa array of small

area cells.
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4.0 Computer Modeling of AlGaAs/GaAs Cell for High Solar Concentration

This section describes the results of a computer modeling study of
the AlGaAs/GaAs (1.9 eV/1.44 eV) cascade cell. Performance data are
calculated for this cell operating over a temperature range of 300 K to

600 K at various solar concentrations ranging from 1 to 500 suns (AMI.5).

4.1 Analytical Technique

The technique employed in this analysis has been previously des-
cribed in some detail [8-11]. The basic approach involves closed form
solution of the transport equations with the general solution obtained
for the integral form of the continuity equation. Minority carrier
concentrations are obtained from the general solutions subject to the
appropriate boundary conditions for each distinct region. The procedure
then gives combined as well as individual V-I curves from which other
performance parameters can be derived. The analysis was implemented on
an IBM 370-165 computer.

The following assumptions and/or approximations were used in this

analysis:

1. the thermal diffusion contribution to dark current is large
compared to space-charge recombination and excess tunnel
current components in the top and bottom cells

2. the minority-carrier recombination rate is linearly propor-
tional to excess carrier concentration

3. recombination at heterojunction interfaces are negligible

4, efficiency is not corrected for grid contact shadowing or for

power loss from joule heating arising in the structure's

series resistance
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5. reflectivity at the window surface is assumed to be 5% for
all wavelengths

6 -I
6. the surface recombination velocity is assumed to be 10 cms

1. a series resistance of 5 x 10_3 ohms-cm2 is used in the program.
The analysis was conducted on the structure depicted in Figure 4.1

for air mass 1.5, solar concentrations ranging from 1 to 500 suns, and

for a temperature range of 300 K to 600 K.

4.2 Results and Discussion

Figure 4.2 shows the calculated cascade cell efficiency (nc) as a
function of temperature for 1 and 500 suns, respectively. Also shown
are the individual efficiency contributions from the top and bottom
cells. In addition, the normalized efficiency temperature coefficient
(ye) is given for each of the curves; this coefficient is equal to the

normalized slope of the respective curves [8,9]

dp
Ye n(300 K) dT (1]
where q is the cascade or component cell efficiency. These results are

typical of those obtained for other material combinations operating
under air mass exposures ranging from 0 to 5 and in the same temperature
range [3,9,10].

An expected observation made from Figure 4.2 is that the cascade
and component cell efficiencies increase with increasing solar concen-
tration for a given temperature, as listed in Table 4.1. While the
improvement realized in going from 1 to 500 suns is 11% to 12% at 300 K
for the cascade and top cell efficiencies, it is 18 to 19% at 400 K.

Correspondingly, the improvement is 16% at 300 K for the bottom cell,
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Window < p 0.2 20eV,1 x 1018cm™3

P 1.0/xm, 1.9 eV, 1 x 1018cm-3
' n 2.0 /xm, 1.9 eV, 5 x 1017 cm-3
D
+
Connecting n 0.5 fxm, 1.9 eV, 1 x 1019
Tunnel
Junction 0.5 firrl, 1.9 eV, 1 x 102°
1.0/xm, 1.44 eV, 1 x 1018cm~3
Bottom Cell

5.0/m, 1.44 eV, 5 x 1017 cm-3

Figure 4,1 Cross section of AlGaAs/GaAs cascade solar cell used in the
computer modeling study.
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Cascade Cell

-0.00169/°C
- 0.00227/°C
Cascade Cell
- 0.00117/°C
-0.00148/°C
250 350 450
K

= -0.00195/°C

Top Cell

Bottom Cell

= -0.00145/°C

Top Cell

Bottom Cell

550 — 650

Figure 2.2 Conversion efficiency vs. temperature: a) 1 sun; b) 500 suns.
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TABLE 4.1 SUMMARY LISTING OF CONVERSION EFFICIENCIES FOR 1 SUN AND 500 SUNS AND FOR 300 K AND 400 X

Solar concentration Cascade cell Percent Top cell Percent Bottom cell Percent
Temperature (K) (suns) efficiency (%) increase efficiency (%) increase efficiency (%) increase
300 1 27.63 11.1 16.00 11.8 11.60 16.4
500 30.72 17.90 13.50
400 1 22.23 18.2 13.30 18.8 8.97 28.0
500 26.28 15.80 11.50

TABLE 4.2 SUMMARY LISTING OF PHOTOVOLTAGES FOR 1 SUN AND 500 SUNS AND FOR 300 K AND 400 K

Solar concentration Cascade cell Percent Top cell Percent Bottom cell Percent
Temperature (K) (suns) VmpC (V) increase VmpT (V) increase VmpB (V) increase
300 1 2.36 1.1 1.36 , 11.7 0.99 16.2
500 2.62 1.52 1.15
400 1 1.88 18.6 1.12 19.6 0.76 28.9

500 2.23 1.34 0.98



and 28% at 400 K. The major factor leading to higher efficiency is the
corresponding increase in photovoltage as the solar concentration is
increased. This is shown in Table 4.2, where the photovoltage incre-
ments correspond very nearly to the efficiency increment values listed
in Table 4.1.

A second observation from Figure 4.2 is that the normalized tem-
perature coefficient value represented for the cascade cell lies between
the values of the top and bottom cells. Similar results have been
presented and discussed for the two-junction AlGaAs-GalnAs cascade cell
[3,9], Although the efficiency temperature coefficient has been dis-
cussed in the literature, it has not been studied extensively and its
importance is not universally recognized. For applications in which the
solar concentration and/or the ambient temperature are high, this parameter
takes on an additional importance. Table 4.3 compares the normalized
efficiency temperature coefficients taken from Figure 4.2 with values
taken from the literature for the two-junction AlGaAs-GalnAs cascade

cell and for single junction AlGaAs/GaAs and Si cells.

TABLE 4.3 PARTIAL LISTING OF THE NORMALIZED EFFICIENCY TEMPERATURE
COEFFICIENCY FOR SINGLE- AND TWO-JUNCTION CASCADE SOLAR CELLS

Number of Solar concentration, Normalized efficiency
Material active junctions ¢ (suns) temperature coefficient, 76 (°Cr!
AlGaAs-GaAs 2 1-500 -0.00145 to-0.00195
AlGaAs-GalnAs [6,7] 2 1 -0.00220 to0-0.00270
AlGaAs/GaAs [12,13] 1 1 -0.0027
S, p/n [12, 14] 1 1 -0.0047
51, nlp [12, 14] 1 1 -0.0050
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Values for the AlGaAs/GaAs and Si single Jjunction cells were calcu-
lated from experimental data [11], while the cascade values are obtained
from computer modeling [3,10], However, the computer modeling program
used in this study predicts a value of -0.0025/°C for the single junction
AlGaAs/GaAs heteroface cell; this represents a 7% disagreement between
experimental and computer modeling. The disagreement between these
values may be reduced if the complete set of parameters of the experi-
mental structure were known. Moreover, the present program has shown
agreement to within less than 0.5% with the experimentally observed
photovoltage temperature coefficient for a two-junction AlGaAs/GaAs
cell. Therefore, we have confidence that the computer modeling results
obtained for cascade cells are a fair to good representation.

Table 4.3 shows that the single junction AlGaAs/GaAs coefficient is
approximately one-half the Si wvalue. Further, the cascade cell values
are significantly lower than the single junction AlGaAs/GaAs coefficients
for all values of solar concentration listed. Also, the normalized
values shown in Figure 4.2(b) for 500 suns are considerably lower than
the 1 sun values for both cascade and component cells; this is because
the photovoltage temperature change becomes less significant at higher
concentrations.

In Figure 4.3, the temperature behavior of the photovoltage at the
maximum power point of the V-I curve is shown for the cascade (vmpe)'
toP (vmpT)' and bottom (VmpB) cells at 1 and 500 suns. The normalized
slopes, representing the normalized photovoltage temperature coefficients
(y ), are also shown.

It should be noted that the photovoltage temperature behavior in a
cascade cell is the major parameter responsible for the behavior of
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Figure 4.3 Voltage at the maximum power point vs. temperature a) 1 sun; b) 500 suns.
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efficiency with temperature. It is also seen that the normalized
efficiency and photovoltage temperature coefficients decrease at about

the same rates with increasing solar concentration. (A similar result

is obtained for single Jjunction solar cells.) However, because of the
improved temperature performance characteristics of solar cells operating
under high solar concentrations, these applications take on new importance.

The behavior of efficiency and photovoltage with increasing solar
concentration (log scale) are shown in Figures 4.4 and 4.5, respectively,
for 300 K and 400 K. It is clear that all curves exhibit a monotonic
increase with increasing solar concentration.

The behavior of photocurrent and dark current with increasing solar
concentration are shown in Figure 4.6. While the short-circuit current
(JScc” linear dependency on solar concentration is predictable from
observations on single Jjunction solar cells [11], the behavior of the
cascade maximum power point photocurrent (Jmpc), and the dark current
components of the top (JDT)] and bottom (JDB) cells are not always pre-
dictable in cascade cells. The linear dependency of J 7 om solar con-
centration, shown in Figure 4.6, 1is a consequence of the unchanging
photon flux distribution of the solar spectrum with increasing solar

concentration values used in the model.
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Figure 4,4 Conversion efficiency vs. solar concentration at 300 K
and 400 K for the cascade and its component cells.
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Voltage at Maximum Power Point, V

Figure 4,5 Photovoltage at the maximum power point vs. solar
concentration at 300 K and 400 K for the cascade
and its component cells.
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Figure I], 6 Cascade cell photocurrent, top and bottom cell current
densities vs. solar concentration for 300 K and 400 K.
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Figure 4,7Dark current vs. temperature: a) 1 sun; b) 500 suns.
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