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ABSTRACT

This report describes second quarter activities for a project
aimed at demonstrating the technical feasibility of advanced high effi-
ciency concentrator solar converters. The goal of the program is to achieve
30% conversion efficiency with a converter operating at 30°C under 500-1000
SUN AM2 illumination and 25% conversion efficiency with a converter oper-
ating at 150°C under 500-1000 SUN AM2 illumination. The approach is to
fabricate two cé11, non-lattice matched, monolithic stacked converters
using optimum pairs of cells having bandgapé in the range of 1.6-1.7 eV
and 0.95-1.1 eV. The high bandgap cells are to be fabricated using MOCVD
or LPE to produce the needed A1GaAs layers of optimized composition, thick-
ness and doping to .produce high performance, heteroface homojunction devices.
The low bandgap cells are to be similarly fabricated from A1GaSb(As) com-
positions by LPE. These subcells are then to be joined into a monolithic
structure by an appropriate thermal bonding technique which will also form
the needed transparent intercell ohmic contact (IOC) between the two subcells.

The activities this quarter have been largely focused on the
development and study of low bandgap cell structures and attempts to develop
suitable techniques for the thermal bonding operation.

iv
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1.0 INTRODUCTION

Within the last several years, there has been growing interest
in exploiting the significantly improved levels of power conversion effi-
ciency which are theoretically available from multibandgap solar photovol- .
taic converters(l's). This interest has been sparked by the recognition
that even a partial realization of these potential performance gains can
provide significant leverage for reduction of the cost of cutput electric
power from concentrator photovoltaic systems(G).

Upper bound conversion efficiencies near 40% and 47% have been
calculated for optimum bandgap two and three junction converters respec-
tively operating at 300°K under terrestrial sunlight concentrated to several
hundred to one thousand SUNs(l's). Even when practical losses are taken
into account, such converters offer a reasonable prospect for achieving at
least 30% efficiency from stacked, monolithic, two-bandgap structures of
well-optimized design, operating at 30°C under 500-1000 SUN AM2 j1lumination.

Such devices also offer the option of operating at these levels
of sunlight concentration at moderately elevated temperatures (~150°C)
with at least 25% electrical conversion efficiency and the added bonus of
providing usable quality heat for total energy applications.

It 1s the objective of this project to demonstrate the technical
feasibility of producing monolithic stacked multibandgap solar cells having
30% conversion efficiency at 30°C and 25% conversion efficiency at 150°C
under 500-1000 SUN AM2 illumination.

To meet this objective, the following tasks will be performed:

1. Grow and optimize single junction AlGaAs cells having bandgaps

of 1.6 eV and 1.7 eV and A1GaSb cells having bandgaps of 0.95
eV and 1.1 eV.

2. Develop techniques for joining these optimized single junction

cells by means of non-lattice matched intercell ohmic contacts
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having sufficient optical transparency combined with low elec-
trical and thermal resistance to meet the overall performance
objective.

Charatterize_performance of the individual cells and stacked
combinations using appropriate light and dark I-V and spectral
response measurements over the operating temperature range of
30-200°C and for illumination levels of 1-1000 SUNs AMZ..
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2.0 MODELING

There was no modeling activity during this quarter. This effort
will resume in the next quarter and will largely consist of matching calcu-
lated spectfa]‘reéponse curves and integrated short circuit current densities
with measured values. Such matching will provide estimates of minority car-
rier diffusion'lengths for comparison with values measured by such techniques
as EBIC. The combined results from measurement and calculation will serve as
the basis for re-optimization of subcell and converter design.
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3.0 MATERIALS DEVELOPMENT

3.1 Accomplishments

® A wide range of AlGaSb structures re1afed to the ultimate sub-
cell structures have been produced and partially evaluated.

® Initial MOCVD AlGaAs inverted subcell structures héve béen pro-
duced. Work is underway to develop suitable GaAs substrate removal
techniques. -

® The LPE AlGaAs structures for ITO ohmic contact studies have been
supplied to Raj Singh at Colorado State University. Initial ITO
layers have been deposited on some of the wafers but are of rather
poor quality. |

® Successful bonding of GaAs to GaSb has been accomplished with an
A1Sb bonding layer formed in-situ by transient melting and reaction
of thin predeposited layers of elemental Al and Sb.

® An initial prublem of delineating p-n junctions 1n ATG4SL Ly
etching cleaved cross-sections has been overcome.

3.2 Substrates

3.2.1 GaSb Substrates

The GaSb boule needed to supply substrates for this program has
been grown and partially processed into wafers. This boule is expected to
supply sufficient substrates for the remainder of phase 1 of this program.

3.2.2 GaAs Substrates

In addition to our existing supply of GaAs wafers from commercial
sources, we will from time to time be using material produced from large
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diameter boules grown in-house in our recently acquired MRC crystal
puller.

3.3 A1GaAs Subcells

An initial Al1GaAs subcell structures has been produced by MOCVD.
The structure is that shown schematically in Fig.:3.1.: In this case, the
subcell structure has been grown inverted (window layer first) to allow.. ---
direct bonding of the last grown n-A1.zGa.8As layer to the underlying
A1GaSb subcell structure. After bonding, the GaAs substrate is to be
removed from the assembly to allow direct access of the incident illumi-. .
nation to the A1.856a.15As window layer.

- Extensive work with this structure aimed -at developing substrate
removal techniques indicates that the 6004 A].BSGaIISAS window layer is too
thin to reliably withstand exposure to the pH-controlled H202 etch used to
selectively dissolve the GaAs. Because of difficulties in maintaining pre-
cise para11elism between the substrate/window interface and the wafer sur- -
face during lapping, the window layer becomes unevenly exposed during sub-
strate dissolution. While the rate of dissolution of the AlGaAs ié.perhaps
an order of magnitude or two slower than that of the overlying GaAs, fhe,l,
several additional minutes' of exposure to the etching éolution needed for
complete removal of the remainder of the GaAs often results in complete .
dissolution of the initiaT]y exposed AlGaAs regions. -

After considerable effort tvovercome this pfob]em by more care-
ful technique, it appears now that the most practical solution is to simply
grow two additional layers consisting of ~0.5 to 1 um of AlGaAs followed
by ~1-2 um of GaAs prior to growth of the thin window subcell structure.
With these additional layers, it should be possible to completely remove
the GaAs substrate with existing lapping and etching techniques without
undue risk of penetrating the thicker additional AlGaAs layer. Once this
has been accomplished, an HF based etch can be used to selectively dissolve
the added Al1GaAs from the underlying GaAs layer. This GaAs layer can then
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0.1 um n* A1 GaAs

4.0 um n Al 1562As

0.5 um p Al lsGaAs
~600A p A1’ 85GaAs

1.5 um p GaAs (buffer)

p* GaAs Substrate

Fig. 3.1 Schematic layer structure for high bandgap A1GaAs subcell grown

inverted to allow GaAs

bandgap subcell.

substrate removal after bonding to Tow
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either be removed completely, or be made heavily p-doped and pattern etched
through photoresist to provide a low resistance base for easily forming the
needed front surface contact grid. Initial MOCVD growth of large areas of
this type of structure is scheduled for early in the next quarter. The
compositional and layer thickness details will be adjusted to include changes
leading to better performance which are squested by the latest modeling

- and measurement of spectral response curves. '

3.4 A1GaSb Subcells

Growth effort§ have centéredion development of low bandgap hetero-
face subcells with the structure p Al 65Ga 35AsSb/p Al 2Ga 8Sb/n Al 2Ga.BSb/
n GaSb. Because of a shortage of Te-doped GaSb po1ycrysta1 we have begun -
to use Te-doped InSb as the n- type dopant source. ce

Several p* Al 65Ga 35Sb(As) Tayers have been grown either d1rect1y
on n-GaSb (100) substrates or in a few cases on p-n Al'zGa.asb junction layers.
The addition of As is intended to partially compensate the modest (~0.7%)
difference in lattice parameter between the Al-rich and Ga-rich ai]oys.
Because of limited As solubility at the growth temperature of ~510°C, it
is not possible to completely compensate the lattice parameter difference
using As,

During this series of growths, frequent problems have been encoun-
tered with either poor wetting and nucleation, particularly by the 65% Al
layer, or etchback of underlying layers at various stages of growth. The
first problem is believed to be associated with oxidation. Some improvement
in window layer quality has been achieved by reducing the Al content in the
window from 65% to 40%. While this gives too Tow a bandgap for use in the
ultimate subcell application, it does allow growth of interim structures
which can yield useful performance information. In an effort to achieve
better growths at the 65% Al level, we are in the process of thoroughly
cleaning and leak checking the entire growth system.
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Accumulated evidence from several growths suggests that the pre-
sence of As might be responsible for the observed etchback problems. Sub-
sequently, it has been found that fairly smooth layers of A1_656a.155b can
be grown directly on the GaSb substrate. A photomicrograph of typical
growth morpﬁology appears in Fig. 3.2. We will attempt to reproduce this
improved window layer quality in growths on p-n A1.2Ga.85b layers during
the coming quarter.

A problem of p-n junction delineation has been encountered for
the Al_zGa"BSb alloy: Ihe ¢onventinnal A=B etch uscd for many III-V com-
pounds gave unsatisfactory results for this alloy. The problem was even-
tually overcome by following a suggestion by David Law, of our laboratory,
that a 10:1 dilution of the standard AB etch be used and the etching time
be limited to <2 sec. ‘

| A problem of producing low resistance ohmic contacts to the AlGaSb
subcells recently came to 1light during preliminary attempts to measure
illuminated I-V curves under moderate concentration (35-40 SUNs). We are
pursuing or planning several activities to develop the needed low resistance
contacts.’

3.5 Intercell Ohmic Contacts (IOCs) and Bonding

3.5.1 In-Situ Formation of IOC and A1Sb Window During Bonding

During the past quarter we have demonstrated successful formation
of an A1Sb window layer and ohmic contact junction region between bonded
wafers of GaSb and GaAs. These bonds have sufficient metallurgical and
mechanical integrity to allow the resulting asscmbly Lo be monolithically
cleaved in cross section without separation across the bonded region.

The successful bonding procedure involves MBE deposition of suc-
cessive layers of ~1 um of Al and ~2 um of Sb on wafers of both GaAs and
GaSb.The relative thicknesses of these elemental layers are such that a
region of stoichiometric Al1Sb can be formed by their complete reaction.
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Fig. 3.2 Typical growth morphology of an Al. Ga. Sb layer grown
directly on a (100) GaSb substrate. (a) 7X magnification,
(b) 400X magnification.
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In the initial runs following deposition of the Al layer, the wafers had

to be transferred to a second MBE machine for the Sb deposition. These sam-
ples were exposed to air during this transfer. To remove the oxide layer
thus formed, the Al surfaces were sputter cleaned in the second MBE chamber
prior to the Sb deposition. The before and after Auger traces shown in Fig.
3.3 indicate virtually complete removal of oxygen from the Al surface during
the sputtering.

The actual bonding involves the transient local melting of the
elemental Al and Sb layers to allow mixing and in-situ reaction to form A1Sb.
A thermal gradient is maintained across the assembly during the bonding
operation by heating from the GaAs side only. The bond region can thus be
heated slightly above the elemental melting points of Al and Sb (660°C and
630°C respectively) without danger of reaching the 710°C melting point of
the GaSb substrate. (The melting point of the GaAs substrate is 1238°C, a
value sufficiently high to withstand the needed thermal cycle.) The Al1Sb
reaction product has a melting point of ~1050°C, thus directly producing
a solid on reaction at the bonding temperature.

The A1Sb has nearly the same lattice parameter as the underlying
A1GaSb alloy composing the Tow bandgap subcell structure. This facilitates
its epitaxial growth after nucleation on the p-layer of AlGaSb. The inter-
face thus formed should have the lTow defect density and carrier recombination
velocity needed to ensure good carrier collection in the lower subcell.
Because of the imposed temperature gradient during bonding, the A1Sb soli-
dification front moves from the A1GaSb surface toward the overlying AlGaAs
high bandgap subcell structure. When it finally reaches the AlGaAs, the
resulting interface is not epitaxial or lattice-matched. There is generally
crystallographic misorientation, as well as an ~8% mismatch of lattice
parameters across this interface, leading to a high density of crystallo-
graphic defects. Further contributing to this locally high defect density
are the chemical impurities which have been swept out of the bond region

10
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BEFORE SPUTTERING

| . _ FMW

ALUMINUM

OXYGEN
Sl bl

l AFTER SPUTTERING

Fig. 3.3 Auger traces of MBE grown Al bonding layer before and after
sputter cleaning to remove oxide.
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by the advancing solidification front. The result is the formation of a
heterojunction which has the needed ohmic characteristics for the intercell
contact.

Chemical analyses of these bonded regions confirm that the desired
formation of AISb is being accomplished. Figure 3.4 shows a schematic dia-
gram of the confiquration of one such bond region immediately before bonding
and a typical SEM photograph of a cleaved cross-section through the region
afterward. The results of a detailed scanning Auger analysis carried out
across the bond and i1nto the adjacent substrates are shown in Fiyg. 3.5.

As can be seen, a region of nearly stoichiometric A1Sb has formed adjacent
to the GaSb substrate. The presence of a minor amount of Ga is also indi-
cated, but the amount is too small to reduce the bandgap significantly. A
supplementary scan for oxygen indicated a varying level which correlates
directly with the Al distribution and accounts reasonably well for the
apparent Al and Ga deficiency in the region near the GaSb. A small shift
was found inthe characteristic Auger peak energy for the Al in this sample.
For elemental Al and A1203, the reported values are 1396 eV and 1378 eV,
respectively. The value measured here was 1385 eV and is apparently the
characteristic value for AT in A1Sb.

As canbe seen from Fig. 3.5, there is progressive intermixing of
Ga and As with the Al and Sb as the GaAs wafer is approached. Based on
reported bandgap variations with composition in this quaternary alloy system,
the observed mixing would not lead to unacceptably Tow bandgap values any-
where in the bonded region.

3.5.2 Indium Tin Oxide IOC Studies

The experiments discussed in the last quarterly aimed at examining
the feasibility of using indium-tin oxide for IOC formation are in progress.
Initial deposition of ITO has been made on some of the AlGaAs and AlGaSb
structures grown for this purpose. Because of the current inactivity of

12
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Fig. 3.4. Schematic diagram of as deposited elemental Al and Sb bonding layers prior to
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Fig. 3.5 Plot of elemental concentration vs. distance through bond

region obtained in scanning Auger analysis.
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the DC sputtering system at the Stanford Materials Science Lab, the ITO
deposition is being done at Colorado State University by Raj Singh.
Visually, the quality of some of the initially deposited layers
is not very good. It appears that improved cleaning procedures may be
required. This activity will be pursued further in the coming quarter.

3533 Laser Bonded IOC Structures

The Nd-glass laser to be used in the last bonding experiments is
scheduled to be delivered by the end of June.

15
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4.0 DEVICE FABRICATION AND CHARACTERIZATION

4.1 Accomplishments

® The determination of doping levels in Al1GaSb layers by dif-
ferential capacitance-voltage measurements has begun.

® Initial determination of p-n junction location and diffusion
length estimates have been made using EBIC measurements.

® Subcell devices have been fabricated from Al1GaSb
and measurements made of their illuminated and dark I-V and spec-
tral responses.

® [-V measurements of bonded assemblies of n-GaSb/in-situ grown
A1Sb/n-GaAs have demonstrated ohmic behavior across the bonded

region.
4.2 A1GaSb Subcells
4.2:1 Material Characterization

We have begun detailed characterization of doping levels and
minority carrier diffusion lengths in A1GaSb layers and structures. Deter-
mination of doping levels in LPE grown AlGaSb layers is being done using
differential capacitance-voltage measurements. A typical set of results
for an n-Al.ZGa‘ssb (Te-doped) layer grown on a (100) n-??Sb substrate is
shown in Fig. 4.1. The indicated doping level of 3 x 10°" is in the range
of interest, through perhaps not optimum for the present application. Work
will continue during the coming quarter to explore the range of achievable
dopings and their correlation with growth parameters for the Al1GaSb(As)
alloy system.

16
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Fig. 4.1 Typical results of doping level determination by means of
differential C-V measurements. Sample is an n-Al.,Ga.sSb
layer grown by LPE on a (100) n-GaSb substrate. Te is the
n dopant. =
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Initial determinations of diffusion lengths in A1GaSb subcell
structures have been made using electron-beam-induced current measurements.
A typical EBIC scan from a heteroface subcell structure is shown in Fig. 4.2.
This particular structure consists of: 1.5 um, p+-A1.4Ga‘65b/3.4 um, p-
A1.2Ga.85b/5.0 Hm, n-A]_zGa.SSb/n-GaSb substrate.

Diffusion lengths can be calculated assuming the expression:

£n I/I0 = -X/L (4.1)

where I/I0 is the relative current produced at a distance x from the p-n
junction and L is the minority carrier diffusion length.

For the structure represented by Fig. 4.2, the electron diffusion
length in the p-AlozGa.BSb layer was calculated to lie in the range 1.4 -
1.6 nm. The higher value applies near the p-p+ heteroface and may include
a local drift field contribution having its origin at the heterojunction.
The lower value applies in the region 1-2 gm from the p-n homojunction.

For holes generated in the n-Al.zGa.8Sb layer, the diffusion length was
found to be 1.4 um. These calculated values may represent underestimates
of the true values due to surface recombination Tosses at the cleaved sur-
face. The electron beam voltage used for these measurements was only 20
keV. Further measurements using a series of increasing beam voltages will
be carried out in the near future to explore the influence of surface recom-
bination on these measurements in this material.

4.2.2 A1GaSb(As) Device Characterization

Cells were fabricated and characterized from nominal p A1'656a_155b/
P A].ZGa.BSb/" A1.2Ga'85b/n+ GaSb substrate structures. The window layers
for these preliminary growths were made ~1.0 um thick rather than the
~1000A which will ultimately be needed to give optimum performance. As
a result, the measured short circuits are below those thought to be ultimately
achievable. Also contributing to the low value of measured current is the

18
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Distance
1.52 um 3.45 um 5.0 um
n-GaSb
Substrate
p-A].4Ga.65b p-A1.ZGa.85b n-Al.zGa‘SSb

Fig. 4.2 Typical plot of relative electron beam induced current
intensity vs. position in an A1GaSb heteroface subcell
structure. Structure is: 1.5 um p* Al _4Ga gSb/3.5 um
p Al 2Ga_gSb/5.0 um n Al _2Ga _gSb/n GaSb substrate.

13
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fact that the ELH Tamps in our simulator utilize a "cold" dichroic mirror
reflector which yields a relatively low output in the infrared spectral
region utilized by this type of cell. Typical AM1 results are VOC = 0.29
volt, J__ = 7 x 1073 amp/cm’, and F.F. = 0.45.

Work is underway to correlate the measurements made using the
simulator with those made in natural sunlight.

The diode quality of these initial structures was rather poor
indicating some shunting of the junctions. A typical spectral response curve
for one of these devices is shown in Fig. 4.3. It indicates that the layer
compositions actually produced are essentially those intended. The window
long wavelength cutoff occurs in the range ~0.8 - 0.95 um, consistent with
an A1Sb mole fraction of about 0.65. The p-n junction cutoff occurs at
about 1.3 pm (0.95 eV) as would be expected from a composition having an
A1Sb mole fraction of 0.20.

Cells were also fabricated and characterized from the structures
having the window layer Al content reduced to 40%. Fig. 4.4 shows a typi-
cal dark log I-V curve from a typical device having the structure: p-
A1'4Ga.65b | um/p-Al'zGa‘BSb 3.4 um/n-A1'zGa.§§b 5 ug/n—GaSb substrate.
The saturation current density, Jo, is 5.2 x 10 © A/cm”~. The diode factor,
n, is 2.7. Figure 4.5 shows the 1light I-V curve for the same device under
simu]ated 1 SUN AM1 illumination. As indicated, VOC = 0.317, Jsc =6.9
mA/cm© and F.F. = 0.514. When the intensity of illumination was increased
to 35 SUNs, the illuminated [-V curve of Fig. 4.6 was obtained. As can be
seen, the VOC increased markedly to 0.445 volt. This strong sensitivity
of VOc to 1light intensity is to be expected from relatively low bandgap
structures having relatively large Jo's. The problem of high series resis-
tance encountered with these early devices is also quite evident from the
shape of the I-V curve in this figure and the indicated F.F. = 0.23.

A typical spectral response curve for this structure is shown in
Fig. 4.7. It is qualitatively similar to that shown in Fig. 4.3 except
that the short wavelength cutoff occurs at a longer wavelength with the
40% total window layer than with 65% Al.
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Fig. 4.5 Light I-V curve for the same cell as in Flg 4.4 under
simulated 1 SUN AM1 illumination.
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Fig. 4.7 Relative spectral response curve for the same cell as in Fig. 4.4
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4.2.3 Measurements on Bonded Assemblies

Preliminary I-V measurements across bonded assemblies consisting
of n-GaAs/in-situ formed A1Sb/n-GaSb consistently show ohmic ‘behavior for
these strﬁctures. More detailed electrical.and optical-measurements. will
he reserved for subsequent assemblies currently being fabricated which con-
tain AlGaAs and Al1GaSb p-n junctions of the type to be used in the complete
two junction converter.
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