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The objectives of this work are to develop a materials technology
of the AlGalnAs and AlInAsSb mixed crystal systems. These technologies
are directed towards the development of a two-gap, monolithic, lattice-
matched concentrator cell with 28% or higher AM2 conversion efficiency
at 500 to 1000 suns.

The work to be performed is subdivided into the five major tasks
outlined below.

Task 1. Develop and demonstrate the technology for a grading
layer of GalnAs/GaAs and low-bandgap cells in AlGalnAs/GalnAs/GaAs.

Task 2. Develop and demonstrate inter-cell tunnel junction con-
tacts in the higher bandgap AlGalnAs alloys.

Task 3. Develop and demonstrate technology for a higher bandgap
concentrator cell in AlGalnAs alloys.
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Task 4. Demonstrate a complete two-gap monolithic concentrator
cell with AM2 efficiency of 28% or more.

Task 5. Investigate the potential of AliInAsSb alloys grown on
InAs substrates.

Short Summary

The progress made on the above tasks is summarized below.

Task 1. Several GaT|....AIn,f\s graded layers with x = .10 final
layers have been grown by continuous linear grading. Surface morphology,
etch pit densities and photoluminescence have been characterized for
these layers.

Extensive doping characterization of x = .10 and .20
Gazoln,1_XAs usmgll}oth DEZn and H?Se has been made.

Task 2. Extensive characterization of the doping behavior of E”Se
and DEZn in GaAs under various growth conditions has been done with the
goal of obtaining working tunnel junction in GaAs. The work has pointed
future directions to obtain a tunnel junction.

Task 3. The first AlGalnAs layer with good surface morphology has
been obtained. The conditions that led to this, as well as future
plans, will be discussed in detail below.

Task 4. This task is in progress by way of work on Tasks 1, 2,
and 3 above.

Task 5. Because of the heavy attention devoted to the doping
problems and AlinGaAs, work on this task has been deferred.



DETAILED DISCUSSION
Task 1: GalnAs Growth
a) Grading

Several graded Ga, In As layers on GaAs substrates have been
grown and characterized. The layers were grown at 600°C. A short GaAs
buffer layer was grown first (5 min.). The graded layer was grown by
linearly changing the TMIn flow upwards and simultaneously decreasing
the TMGa flow, while keeping the nominal [TMGa + TMIn] flux = 34 ymole/min.
Because the TMIn flow controller has a minimum setting of 10 seem, the
initial step is ~1% InAs in the solid. This is the only abrupt change
in solid composition. A constant composition layer is grown on top of
the grading layer for ~0.5 ym. Characterization was by surface morpho-
logy, photoluminescence, and etch pit densities.

Figure 1 shows the surface and cross sections of three representative
layers. Each was grown as described, with only the grading rate changed.
The first was grown at 10.5%/ym, the second at 5%/ym, and the last at
4%/ym. All three layers have an end composition of 10%. The growth
rate was -.044 ym/min. for all the layers.

As expected, the surface morphology improved greatly as the grading
rate was decreased. The 10%/ym shows a large density of hillocks bounded
by KM> planes. The 5%/ym layer showed only a few scattered hillocks,
and the 4%/ym layer was about totally free of hillocks. Since the final
composition was 10% in all cases, the etch pit density (EPD) was expected
to be z 10 cm , or equivalent to the substrate EPD. This was the
case. There is little difference between the photoluminescence spectra
of the 10 and 4%/ym samples, both in intensity and half widths. This
supports the conclusion that few dislocations are propagated into the
epitaxial layer for x 1 .10, but that the surface morphology is dramati-
cally affected.



Figure 1
GRADED Ga1l_xInxAs/GaAs ( x = .10 )
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b) Doping

Both n-type and p-type doping in Ga, In As x = .10 and x = .20
have been studied during the last quarter. The most complete characteri-
zation has been the n-type dopant Se, using H'Se as the carrier gas.
Figures 2 through 9 show the various doping and mobility data at 300 and
77°K for Ga-, In As:Se(x=.10, .20).

For x = .10 Ga- InAAs grown at 6000C, Se doping levels between 1
x 10 %m™ and 2.5 x40 em™ have been achieved control fably for 48 ppm

HQSe in FI[ flows between 4 and 32 seem. The background (no FLSe) doping
i
was measured at n ~8 x 10 cm" (C-V method). The doping levels do not

change significantly between 300°K and 77°K, indicating that few if any
deep levels are involved. Concentrations between 1 x 10" and 1 x

TO
10 om

may be reached, it is believed, by substituting a F"Se tank of
lower concentration (~25 ppm) or controlling the ﬂov?v below 1 seem. Tq?
300°K Flail mobilities vary from 600 to 2630 V-sec/cm between 2.5 x 10
and the background of 8 x 10 cm" . This compares to th?oretical drift
mobilities in GaAs of -1000 to 5000 over the same range. The 77°K

mobilities vary from 1100 to 4700 V-sec/cm over the same range.

For x = 0.20 Ga In As grown at 600°C, Se doping levels between 2

17 -
x 10  and 1.4 x 10 have been achieved controllably for 48 ppm
H9Se flows between 4 and 32 seem. The background doping appears to be

n~1 x 10 cm" , although there is difficulty in making reliable ohmic
contacts to this material, so that the van der Pauw readings have signi-
ficant error associated with them. As with the 10°/ material, the doping
levels do not change significantly between 300°K and 77°K, and concen-
trations between 1 x 1016 and 1 x 1017cm"3 may be reached, it is believed,

by either using a lower F*Se in F* concentration or controlling the
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Fig. 4 Mobility vs Nj-Na for 20% GalnAs at 300*K.
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N-DOPING Ga(.9)InC.I)Rs (300 K)
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Fig. 6 ~“Ma vs H2Se flow for 10% GalnAs at 300°K.
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i
cm /V-sec over the doping range 1.4 x 10 9 to 2 x 100 ¢em™ . This compares

to -1500 to 4000 cm2/V-secfor GaAs.?

fl%w to below 1 seem. The 300°K Hall mobilities vari/7fron§ 1050 to 3160

The studies of p-type dopants in GalnAs has not been as extensive.
Figure 10 shows a plot of NA-ND (van der Pauw) vs DEZn mole fraction in
the gas phase, at a growth temperature of 600°C. Hole concentrations
are controllable from 4.5 x 10 to 4 x 10 cm" . The lowest point
represents the lowest DEZn flux (1 seem at -25°C bubbler temperature)
possible on the current system. The extremely high Zn concentration in
the crystal is attributable to the low (600°C) growth temperature, since
Zn incorporation has been experimentally determined to be proportional
to [p zn] °> where p%n is the elemental vapor pressure of Zn. Two
points grown with DECd are shown also for comparison. Paradoxically,
higher DECd flows appear to produce lower dopings. This is probably
because the DECd is not electronic grade, and more n-type impurities are
carried to the deposition zone at higher flows. The high level of Zn in
the crystal coupled with the tendency of Zn to diffuse rapidly at high
concentraions is responsible for degrading the junction quality.
Junctions grown in x = .10 Ga In,As have shown low (~Ilv) reverse

T ATA
breakdown voltages (Fig. 11).

The effects of changing the V/IIl ratio on background doping for
GaAs grown with TMAs has been studied. It is believed that similar
results apply to the ternary alloy Ga,: “AInAAs, at least for low In
(x A .20) compositions. Figure 12 shows a plot of the background (undoped)
carrier concentrations as a function of the V/IIl ratio, and also the
associated mobilities. There does not seem to be any systematic variation
of background doping with the TMAs/TMGa ratio, nor does the 300°K Hall
mobility show any systematic variation. It is concluded that the back-

ground doping in GaAs grown with TMAs is n-type, is carried by the TMAs,
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P-TYPE GaC .8)In(.2)Rs DOPING (300 tc)

vs niole fraction in gas phase of DEZn or DECd at 300*K.



Ga0 g0,no0.10As/GaAs P N JUNCTION

HORIZONTAL 1 V/DIV.
VERTICAL 1 mA/DIV.

Fig. 11 I-V tract of Ga goln 10As p/n junction growth with Zn and Se dopants.
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Fig. 12 Background doping and mobility in GaAs grown using TMAs at various
ratios of TMAs/TMGa. Growth temperature was 650#C and TMGa was
held constant at 50 pmole/min.
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and that the contaminant incorporation does not depend upon the TMAs

concentration.
Task 2: Tunnel Junction

Data was taken on diodes grown during the previous quarter. Capa-
citance-voltage measurements on these GaAs p/n junctions indicate that
the n-side doping in 6 x 10 cm , somewhat lower than that indicated by
van der Pauw data. The zero bias depletion width is 400-500 A. This
width is still too large for effective tunneling. It is felt that by
increasing the n-side doping, the zero bias depletion width will shrink

to -150/200 A. A more detailed study of n- and p-doping in GaAs was

initiated pursuant to these goals. The target goal is a GaAs p/n junction
with n ~1 x 102%m™ and p ~1 X 1019cm_3, with minimum spread in the
metallurgical junction due to p-dopant diffusion. The difficulties to

date have centered around obtaining Se-doping above 1017cm_3 and Zn-

doping below 10%m™3.

Figures 13 and 14 show the results to date of the n- and b-doping
studies. Figure 13 shows a plot of (van der Pauw measurements) vs
hASe flow (48 ppm in H*) for two growth temperatures, 625 and 650°C.
The 625-650°C range was chosen for two reasons; first, Zn diffusion
problems will be minimized at the lower growth temperatures, which
corresponds to nearly the lowest limit for GaAs growth, and second, this
temperature range is the most likely range for GalnAlAs growth. There
is a difference in Se incorporation between the two temperatures, with
higher electron concentrations being achieved at 625°C at flows above 25
seem. Control between n ~1 x 10 to 4.5 x 101?7?3 has been achieved.
At present, 200 seem represents the upper limit on h*Se flow, and a
higher (and more stable) 200-ppm concentration of h"Se has been placed
on order. Since the curves of Fig. 14 do not saturate at higher flows,

it is believed that even higher doping can still be achieved using Se.
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One point obtained from DECd is shown also.

at 650 and 730°C.



Figure 14 shows a plot of NA-Np (van der Pauw) vs DEZn flux in
micromoles in the growth tube. Again, two growth temperatures are
indicated, and in addition, one data point from DECd doping is indi-
cated. The hole concentration tends to saturate at DEZn concentratio1r(1)s

above 3 ymole/min., but at 650°C some controllability from p ~5 x 10

down to 4.5 x 10 cm is achieved. This lowest point is representative
of the minimal flow possible (1 seem) with the DEZn bubbler chilled to
-250C (just above the freezing point). While lower doping levels have
been demonstrated at 730°C (e.g., p ~10 cm" at 0.1 ymole DEZn/min), it
is felt that diffusion of Zn at the higher temperature will seriously
degrade a tunnel junction. The DECd point is shown for comparison.

This point represents a relatively high flow (25 seem) with the DECd
bubbler at 15°C. Increased flow would probably not increase the doping
significantly, and certainly not to the levels required for a tunnel
junction. Paradoxically, another run at twice the DECd flow resulted in
an order of magnitude lower doping. A possible explanation is that the
DECd has a very low vapor pressure, causing poor saturation of the
carrier with DECd vapor. Also, the sample used was not electronic grade

and the material may be somewhat compensated.

In summary, the DEZn doping at 650°C can be controlled sufficiently
to create a tunnel junction. The Zn diffusion may be dealt with by
increasing the n-side doping about an order of magnitude above that of
the p-side, so that the diffusing Zn does not significantly compensate

the n-side of the junction and thus widen the zero bias depletion width.

Figure 15 shows an |-V trace of a GaAs p/n junction grown using the

maximum attainable Se doping (3 x 10180m7'3) with moderately high p-

doping (2 x 1019cm”3). The reverse breakdown voltage is ~I/volt, and is

characteristic of tunnel breakdown mechanisms rather than avalanche
mechanisms. True tunneling characteristics are expected when higher Se

levels are achieved.
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OM-VPE GaAs p/n JUNCTION

HORIZONTAL 1 volt/div.
VERTICAL 0.2 mA/div.
GaAs GROWTH TEMP. = 625°C
DOPING P~2x1019cm"3
n~ 3x TO18 cm-3

Fig. 15 I-V tract of GaAs p/n junction grown with Se and Zn dopants
n -3 x 1018 and p ~2 x 1019cnf3.
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Task 3: AlGalnAs Materials Development and High-Gap Cell

Using the information learned during the last quarter concerning
susceptor cleanliness, etc., further attempts at growing AlGalnAs have
been made. By rigorously baking out the SiC-coated susceptors and
paying strict attention to elimination of low level contaminants in the
reactor tube, AlGalnAs wafers with good morphology (specularly reflective
surface) have now been grown. Electron beam microprobe data indicates
the relative Al:Ga:ln ratios to be 0.12, .72, and .16, respectively
(uncorrected). Conceptually, the growth was treated as a GalnAs run
with A1 substituted for 11% of the [Ga+In] in the gas phase. Although
the cross section of the layer showed some strain, this is because no
graded layer was used. Future efforts will be directed at increasing

the A1 content.

One attempt was made to fabricate an AlGaAs (1.7 eV) solar cell,
but the junction exhibited very low short-circuit currents. It is felt
that the doping levels were too high. Reasonably good p/n junctions
(small area) have been fabricated, however, in this material (e.g., see
Quarterly Report No. 3, Fig. 7).

Task 4: Complete Structure
This task is in progress by way of progress on the above 3 tasks.

Task 5: Evaluation of A1InAsSb/InAs

Work on this task has been deferred to make more reactor time

available for the above tasks.

N



PLANS FOR THE FIFTH QUARTER

During the next quarter, the plans are:

Task 1: Optimize Ga-, In As p/n junctions:
1. Finish characterizing p-doping and control to lower limits
2. Fabricate and test 1.15-eV cells.
Task 2: Continue development of tunnel junction:
1. Increase obtainable Se doping levels in GaAs.
2. Demonstrate small-area tunnel junction.

3. Extend to 1.7 eV AlGaAs.

Task 3: High-gap Cell:

1. Optimize 1.7-eV cell structure.

2. Explore phase diagram for AlGalnAs.

3. Characterize p- and n-doping in AlGaAs, AlGalnAs

Task 5: Evaluation of A1InAsSb/InAs

1. Continue examination of InAsSb growth.
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