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1.0 HIGHLIGHTS

The significant developments for the second year of this program to develop

inverted-grown Alg 34Gag ggAs/GaAs cascades are the following:

. The AM1.5 1-sun total-area efficiency of the top Alg34GaggeAs cell for the
cascade was improved from 11.3% (at the end of first year of this program) to
13.2% (NREL measurement*). This represents a 1-sun active-area efficiency of

15.2%, an improvement from 13.7% at the end of last year.

. The "cycled" organometallic vapor phase epitaxy (OMVPE) growth (used to
obtain significant enhancement in the conductance of GaAs tunnel junctions in
the first year of this program) was studied in detail utilizing a combination of
characterization techniques including Hall-data, photoluminescence, and

secondary ion mass spectrometry.

. A technique called eutectic-metal-bonding (EMB) has been developed for strain-
free mounting of thin GaAs-AlGaAs films (based on lattice-matched growth on
Ge substrates and selective plasma etching of Ge substrates, developed in the first
year of this program) onto Si carrier substrates. Minority-carrier lifetime in an
EMB GaAs double-heterostructure has been measured to be as high as 103 nsec,

the highest lifetime reported for a freestanding GaAs thin film.

. A thin film, inverted-grown, GaAs cell with a 1-sun AM1.5 active-area efficiency
of 20.3% has been obtained. This inverted-grown, thin-film cell was eutectic-

~ metal-bonded onto Si.

. A thin film, inverted-grown, Algj34GagecAs/GaAs cascade with AMIL.S
efficiency of 19.9% and 21% at 1-sun and 7-suns, respectively, has been

obtained. This cascade represents an important milestone in the development of

* NREL measures total-area efficiencies. Active area values are based on RTI measurements and may be
more appropriate for cells designed for concentrators.




an AlGaAs/GaAs cascade by OMVPE utilizing a tunnel interconnect and

demonstrates a proof-of-concept for the inverted-growth approach.




2.0 INTRODUCTION

Monolithic Al 37Gag g3As/GaAs (1.90 eV/1.43 eV bandgap pair) solar cells,
based on a lattice-matched AlGaAs/GaAs material system with a mature growth
technology and near-ideal current-match of component cells, can offer high efficiency (=
30%) in concentrator-based (~ 500 suns) terrestrial photovoltaic applications. The key
impediment for achieving high-efficiency cascade cells has been the high growth
temperature (~780°C) required for high quality AlGaAs. The high temperatures
deteriorate the conductance of the intercell ohmic connection. A successful approach to
the Alg 37Gag g3As/GaAs cascade has been the use of a metal interconnect [1] between
the component cells as part of post-growth cell processing. This structure has
demonstrated an efficiency of 27.6% at 1-sun AM1.5. The limitations to this approach
include process complexity, series-resistance effects at high concentrations, and the
necessity of Entech coverglass to reduce obscuration losses from increased coverage of

metallization in the photo-active area.

The inverted-growth approach [2] to a high-efficiency AlGaAs/GaAs cascade
allows the AlGaAs top cell to be grown first at high temperatures. Following the growth
of the top cell, the GaAs tunnel interconnect and the bottom cell are grown at lower
temperatures. Shown in Fig. 1 is a schematic of the cell structure with a planar GaAs
tunnel junction. After the inverted growth, the AlGaAs/GaAs cascade structure is

selectively removed from the parent substrate, Ge in this case, for frontside illumination.

We have developed a rapid, multi-wafer, CF4/O, plasma process for selective
etching of Ge to produce large-area, thin AlGaAs-GaAs films [3]. The cost of the
sacrificial Ge substrate is estimated to be comparable to the cost of thin films by other
techniques [4,5] where the GaAs substrate must be polished before reuse for further epi
growth. Thus, in the process of developing a high efficiency AlGaAs/GaAs cascade
using the inverted-growth scheme, we are able to achieve a thin-film AlGaAs/GaAs

cascade. This can be advantageously used to develop a current-matched,
3
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FIGURE 1: Schematic of the inverted-grown AlGaAs/GaAs cascade employing a
planar GaAs tunnel junction interconnect.

Alj 37Gag ¢3As/GaAs/Si (1.90 eV/1.43 eV/1.1 eV bandgap pair), 3-junction cascade
shown schematically in Fig. 2. In the schematic, a tunnel-interconnect AlGaAs/GaAs
cascade is shown eutectic-metal-bonded (a technique developed in this program) onto an
active Si cell. A similar approach can be extended to a 3-junction, GalnP,/GaAs/Si

cascade as well.

The development of the high efficiency, inverted-grown, AlGaAs/GaAs cascade
cell has focused on the following steps. The Al composition (x) in the top Al,Gaj_xAs
cell in the cascade was reduced from 0.37 to ~ 0.34 to allow reduction of base-layer

thickness of top cell from 3.5 pm to 2.0pm. We have obtained total-area efficiencies of
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FIGURE 2: Schematic of a current-matched, 3-junction cascade that can be developed

using the concept of eutectic metal bonding (EMB) of a monolithic
AlGaAs/GaAs cascade or a GalnP,/GaAs cascade to an active Si cell.

13.2% and 15.1% under AM1.5 1-sun and 20-sun concentration, respectively, for such a
thin-base Alj34Gag ggAs (bandgap ~ 1.87 eV) cell. The growth of the GaAs tunnel
junction interconnect suitable for inverted-growth of the cascade has been optimized. A
technique called eutectic-metal-bonding (EMB) has been developed for strain-free
mounting of thin GaAs-AlGaAs films onto a Si carrier substrate. The advantages of
EMB compared to bonding of thin-film cells onto glass using commercial adhesives were
evident in the photovoltaic performance of thin-film GaAs cells. Thin-film GaAs cells
were first developed to evaluate the feasibility of obtaining good photovoltaic
characteristics after inverted growth and substrate-removal. A thin film GaAs cell with
an active-area efficiency of ~20.3% has been obtained. Then inverted-grown, thin-film,

Al 34Gag 66As/GaAs cascades with an AM1.5 efficiency of 19.9% and 21% at 1- and 7-

suns, respectively, has been developed.







3.0  Alg3,GaggeAs TOP CELL DEVELOPMENT

A key to the development of high efficiency AlGaAs cells for the cascade, is the
reduction of moisture and oxygen from source gases and growth ambient [2]. The cell
structure optimization also needs to take into account the increase of the near-band-edge
absorption coefficients in AlGaAs materials with aluminum content [6]. Hence, the use
of thin emifters and attention to preparation of the interface between the n-
Aly 34Gag ggAs (bandgap of ~ 1.87 eV) emitter and the n-Alg g5Gag 15As window can

substantially affect cell performance.

Further, an important consideration in the growth of the AlGaAs top cell in the
inverted-growth scheme is the ability to preserve the junction characteristic during the
thick base layer growth at 780°C. We have observed that the junction characteristics are
better preserved during inverted growth if the growth time is limited i.e., a thinner base.
Towards this end we have investigated an Alg 34Gag ggAs cell (with only a 2.0 pm base
compared to 3.5 pm base in an Aly37Gag g3As cell [1]. This cell should be closely
current-matched to a GaAs bottom cell under an AM1.5 spectum. The growth and
device optimization of the Al 34Gag ¢sAs cell is similar to that for an Al 37Gag g3As
cell described in Ref. 2. A schematic of the cell structure is shown in Fig. 3. The cell
includes a thin Al gGag,As window of only ~ 300 A and an emitter region of ~ 0.15
pm. The spectral responses of two Aly34GageeAs cells with two window layer
thicknesses are indicated in Fig. 4, indicating the improved blue response in the range of
440-290 nm with thin window layers. Also observed in the spectral response data is the
reduced red response in the AlGaAs cell when the base thickness is reduced.
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FIGURE 3: Schematic of the Alj34GagggAs top cell being developed for the
inverted-grown AlGaAs/GaAs cascade.
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FIGURE 4: Spectral response of Alg34GaggeAs (a) cell with a 3.5 um-base and
500 A Alj gGag,As window and (b) cell with a 2 pm-base and 300 A
Alg gGag 2As window.

We also note that the effect of reducing the base layer thickmess in the top

Alj 34Gag ggAs cell from ~ 3.0 pm to ~ 2.0 pm, compatible with inverted-growth, allows
us to obtain an improved open-circuit voltage (up from 1.229V to 1.246 V) and also an
improved fill-factor. The I-V data of two such cells are shown in Fig. 5a and 5b. Our
best Aly34Gag ggAs cell has an AM1.5 1-sun total-area efficiency of 13.2% (Fig. 5b).
This corresponds to an active-area efficiency of 15.2%. The cell has a 20-sun total-area

efficiency of 15.1% and an active-area efficiency of 17.3% (RTI measurement).
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4.0 GaAs TUNNEL JUNCTIONS FOR INVERTED-GROWN CASCADES

Development of high-conductance GaAs tunnel interconnects for the
AlGaAs/GaAs cascade (shown in Fig. 1) is necessary to reduce ohmic losses. GaAs p++
- nt tunnel junctions have been grown using zinc as the dopant for the p**- regions

and Se as the dopant for the n** -regions. The tunnel junctions were grown at 650 to

675°C.

A schematic cross section of a typical tunnel junction with various layer
thicknesses is shown in Figure 6. The tunnel diode area is 9 x 104 cm2. The specific
contact resistance of the AuGe/Ni/Au (5004/ 150A/20004) multilayer metallization to
the n*- GaAs substrate, sintered at 350°C for 30 s, was measured to be less than 1 x 104
ohm - cm2. This specific contact resistance is about a factor of thirty lower than the
lowest specific contact resistance obtained for the best GaAs tunnel junction in this work.
The specific resistivity of non-sintered Ti/Au (500A/2000A) metallization to pt - GaAs
was measured to be 6 x 10-6 ohm - cm2. The contact resistivities of ohmic metallizations

were obtained from transmission line model (TLM) patterns [7].

The use of cycled growth for improved conductance of GaAs tunnel junctions was
mentioned in our last annual report. The characteristics of GaAs tunnel diodes with
continuous growth for GaAs:Se and either continuous or cycled growth for GaAs:Zn are
shown in Fig. 7a and 7b, respectively. The peak current density (Jp) of the tunnel
junction with the cycled GaAs:Zn is larger by a factor of about 65 and the specific
resistance is correspondingly smaller by the same amount than that of the junction with
continuously grown GaAs:Zn. The increase in conductance (Fig. 7b) is also
accompanied by the disappearance of a well-marked negative differential resistance
(NDR) (in Fig. 7a). By plotting the J, values versus effective doping concentration (as
discussed in Ref. 8) for both cases, we find that Jp in Fig. 7a is smaller than the
theoretical value by a factor of two, while the Jp in Fig. 7b is higher than the theoretical

value by about two orders of magnitude.

13
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FIGURE 6: Schematic of a typical GaAs tunnel junction with the various layer
specifications, used to evaluate the use of cycled growth.
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FIGURE 7: 1/V characteristics of GaAs tunnel junctions grown with continuous
growth for GaAs:Se, and (a) continuous and (b) cycled growth for
GaAs:Zn. Shown in (c) is the I/V characteristic for a tunnel junction with
cycled growth for GaAs:Se and GaAs:Zn.
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We note that the GaAs tunnel junction grown with both cycled GaAs:Zn and GaAs:Se
regions has the NDR (Fig. 7¢) and a Jp value consistent with the theoretical value based

on doping levels.

Similar improvements in Ip and the conductance of the tunnel junctions with

cycled GaAs:Zn regions were observed at a growth temperature of 650°C (Table 1).

However, the factor of improvement in Jp was ~ 50 compared to ~ 65 seen at é growth

temperature of 700°C. At a growth temperature of 650°C, we have obtained a J; of 12.8
A / cm? and a specific contact resistance of 3.3 x 10-3 ohm - cm2. This is comparable to
the smallest reported value of 3.0 x 10-3 ohm - cm? for a GaAs tunnel junction grown at

520 °C, by molecular beam epitaxy [9].

Using a cycled GaAs:Zn layer in a GaAs tunnel junction with Si as the dopant for
the n*- region leads to a reduction in Jp and, correspondingly, the specific-resistance,
mainly as a result of the decrease in hole concentration in the cycled GaAs:Zn. The I-V
characteristics of tunnel junctions with GaAs:Si for the n*- regions using continuous
growth and cycled growth for GaAs:Zn are indicated in Fig. 8a and 8b, respectively. The
NDR is pronounced in both I-V characteristics; this contrasts with those shown in Fig. 7a
and 7b. It has also been observed that the Jp values were within about 20-30 percent of
the theoretical values for the respective doping levels when Si-doping is used. The
cycled growth of GaAs:Si did not affect the Jp and the conductance values regardless of

whether a cycled or continuous GaAs:Zn layer was used to make the tunnel junction.

We can explain the tunnel junction results in terms of the cycled growth material
properties, discussed in Appendix 1. In the case of tunnel diodes with GaAs:Se
(continuous) and GaAs:Zn (cycled) doping, the presence of V, - Seg defects in the nt
GaAs region and Zn; in the p* GaAs region assist in extra carrier tunneling. Thus, Jp is

about two orders of magnitude higher than the theoretical value, and the NDR disappears
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(a) )]

FIGURE 8: [I/V characteristics of tunnel junctions with GaAs:Si for the n*- regions
and (a) continuous growth and (b) cycled growth for GaAs:Zn.

as a result of this excess current. However, with a cycled GaAs:Se layer for n* GaAs, the
concentration of Vg, - Sesg centers are probably low due to thermal annealing. Thus,
even though Zn; defects are likely in the p* GaAs side of the tunnel junction, there are
probably no accompanying states in the n* GaAs to complete the carrier tunneling.
Thus, the GaAs tunnel junction with cycled GaAs:Se and GaAs:Zn layers show NDR as

well as a J, close to the theoretical value for the doping level.

In the case of a GaAs:Si and GaAs:Zn system, the low levels of Sig, - Vg,
complexes in GaAs:Si probably limit extra carrier tunneling even though Zn; defects are
present in the cycled GaAs:Zn region. Hence, we obtain near ideal Jp values which are
consistent with the doping levels under all conditions of growth of GaAs tunnel junctions

with Si doping for the n* GaAs region.
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TABLE 1:  Peak tunnel current density of GaAs tunnel junctions at different growth
temperatures using continuous and cycled growths for GaAs:Zn.

Growth Jp, of Tunnel Diode
(mA/cm?)
Temperature GaAs:Se Continuous

(°C) Zn: Continuous Zn: Cycled

700 47 3000

650 256 12800*

* Specific resistance of 3.3 x 10-3 ohm - cm?

In the inverted-grown cascade cell results obtained in this study, tunnel-junction
conductance deteriorates if the GaAs bottom cell is grown at > 675°C. Also, the use of
Al gGag »As hetero-barriers on either side of the GaAs tunnel junction, as shown in Fig.
9, improve thermal stability of the GaAs tunnel junction during the GaAs cell growth.

The beneficial effects of these hetero-barriers on tunnel junction conductance have been

notéd earlier [10].

Bottom Cell

n++ - GaAs
p++ - GaAs
p+ - Ab.e Gao_zAs

Top Cell

FIGURE 9: Schematic of a GaAs tunnel junction including the AljgGag»As hetero-
barriers for improved thermal stability during the inverted growth of the
GaAs bottom cell.




5.0 EUTECTIC METAL BONDING

After the inverted growth of the Aly34Gag ¢gAs/GaAs cascade, the removal of
the parent-substrate for front-side illumination (see Fig. 1) requires the bonding of the
thin-film cascade onto a carrier substrate. Ideally, the AlGaAs-GaAs thin films should
be bonded onto these carrier substrates with little stress since stress can interfere with
subsequent cell processing. We have been able to obtain photovoltaic-device-quality
GaAs-AlGaAs thin films bonded onto Si substrates using an approach denoted as
eutectic-metal-bonding (EMB).

EMB involves the growth of GaAs-AlGaAs films (device structures) on lattice-
matched Ge substrates. The steps involved in the uniform, reproducible growth of GaAs-
AlGaAs structures on Ge have been discussed elsewhere [11]. Following the epitaxy, a
film of gold is evaporated onto the face of the epitaxial structure and a clean Si substrate.
The Si substrate is given a rinse in 1:100 HF solution and blown dry prior to evaporation.
The two Au-coated samples are stacked face-to-face in an alloying furnace, placed in
intimate physical contact, and bonded at ~ 400°C. The bonding of the GaAs-AlGaAs
structure to the Si substrate occurs by the formation of low-temperature eutectics of Au-
Si and Au-GaAs[12]. The phase diagrams of the Au-Si and Au-Ga-As systems, showing
their respective eutectics, are indicated in Fig. 10a and 10b [13]. The schematic for
obtaining the thin EMB GaAs-AlGaAs films on Si is indicated in Fig. 11. The

advantages of using a buffer (shown in Fig. 11) are discussed further below.
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FIGURE 11: Schematic of the steps to produce EMB AlGaAs/GaAs thin films on Si.

In contrast to the bonding by atomic rearrangement (BAR) technique [14]
developed recently for InP-based materials on GaAs, the EMB approach is a low-
temperafure process and, more importantly, does not involve precise crystallographic
alignment of Si and GaAs. Rather, we have been able to obtain EMB between Si and
GaAs for any arbitrary alignment of the two respective crystal orientations. Following
the EMB of GaAs-AlGaAs structures on Si, the Ge substrate is selectively removed by a
CF4/O, plasma etch. This etch does not attack GaAs or AlGaAs, and leaves excellent
surface-quality GaAs-AlGaAs films. The details of this etching process have been

described elsewhere [3].

Aspects of long-range order and residual elastic strain in the EMB GaAs/AlGaAs
thin films on Si substrates were studied by Raman spectroscopy. Shown in Fig. 12 is the

Raman spectrum obtained from a GaAs layer at 300K using an Ar* ion laser (514.5 nm
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excitation). First-order scattering from the longitudinal optical (LO) phonon at 291.8
cm-! and transverse optical (TO) phonon at 268.8 cm! are clearly observed. Also
apparent are scattering from second-order transverse acoustic (2TA) phonons in the
120-200 cm! range and the TO+TA combination band at 334 cm-l. The determination
of strain indicates that the residual elastic strain in the EMB GaAs-AlGaAs samples is
substantially lower (by a factor of 9) compared to heteroepitaxial GaAs films deposited
directly on Si(100) substrates [15].
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FIGURE 12: Raman Spectrum from an EMB GaAs thin film on Si, obtained using an
Ar* ion laser excitation at 514.5 nm.

The quality of the EMB GaAs films on Si substrates can be significantly affected
by the Ge autodoping, especially since the GaAs material that is available for device-

fabrication is the one that was originally closer to the Ge substrate. The autodoping
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problem can be avoided by the use of ~ 3.5 pm-thick GaAs buffers. These GaAs buffers

can be selectively removed later using AlGaAs etch-stop layers [16].

The 300K PL from a 3.5-pm-thick GaAs buffer and from a GaAs layer (in a
double heterojunction with Aly ¢Gag »As windows) grown after the buffer, are indicated
in Fig. 13. In both cases, the PL is measured using identical excitation and detection
conditions. The DH structure was bonded to Si using EMB. The band edge PL intensity
of the GaAs layer grown after the buffer is over 250 times more intense than that of the
buffer. Also, the 300K PL full-width at half-maximum of this GaAs layer is ~ 29 meV.
The pronounced oscillations for the sub-bandgap PL (Fig. 13a) and a weak oscillation in
the band-edge PL (Fig. 13b) due to Fabry-Perot action (multiple-beam interference in a
cavity-like structure) can be observed. The Fabry-Perot action attests to the smoothness
of the AlGaAs-GaAs films grown on Ge, and after the removal of the Ge substrate
following EMB onto Si [12].
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The high quality of the EMB GaAs thin films using a buffer to control Ge auto-
doping followed by subsequent removal of the buffer, is evident in the PL decay lifetime
data from a GaAs DH structure. Shown in Fig. 14 is the PL transient observed in such an
EMB GaAs-AlGaAs DH structure. The PL decay is a single exponential over two
decades with a lifetime of 103 nsec. The measured lifetime at a laser power of 2.0 mW
was ~ 99 nsec. The similarity of these two values indicates that the material quality is
excellent, and traps and deep level defects play a negligible role in recombination
dynamics. The lifetime of 103 nsec is about forty times larger than the state-of-the-art
minority-carrier lifetime for a heteroepitaxial GaAs film on Si [17]. Also, this lifetime is
about three times the reported lifetime of ~ 32 nsec obtained from a freestanding GaAs

thin film prepared by the cleavage of lateral epitaxial films for transfer (CLEFT) process
[5].
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6.0 INVERTED-GROWN GaAs THIN FILM SOLAR CELLS

The feasibility of inverted-growth on a sacrificial Ge substrate and the associated
cell emitter-grid processing in EMB GaAs-AlGaAs thin films on Si (after Ge substrate
removal) are indicated by our results on thin-film GaAs solar cells. Several thin-film
GaAs solar cells, grown under identical conditions, have been bonded to Si, using EMB
and to glass using a commercial adhesive (DC 93-500). The cells bonded to Si show
improved open-circuit voltages (V) and fill-factors (FF). The Au-coating (for EMB)
on the backside of the thin-film cell is a good reflector [12] for utilizing possible photon-
recycling effects. This was evident in the excellent J¢, values in the GaAs thin film cells.
Also, the use of a 3.5-pm-thick GaAs buffer to reduce Ge autodoping was found to
improve the V. and FF. The best EMB, thin-film GaAs cell on Si has a V. of 0.96 V,
a Jg of 27.8 mA/cm?, a FF of 0.76, and a total-area efficiency of 20.3% under AM1.5D.
We believe that the efficiency is limited by series resistance associated with the use of
non-alloyed AuGe/Ni/Au contact to the emitter as well as the point-contacting of the
back-contact during measurement, causing the fill-factor to be lower than in a
conventional GaAs cell. The emitter contacts are not sintered because of the thin film

structure.

The I-V data measured at NREL on an EMB thin-film GaAs cell on Si are shown
in Fig. 15 and indicates an efficiency of 14.0%. Based on RTI measurements, the active-
area efficiency of this cell is ~ 17.9%. The spectral-response data measured at NREL for
the same cell are shown in Fig. 16. The near-flat spectral-response (=290%) in the
spectral-range of 700-850 nm indicates excellent diffusion length in the EMB GaAs thin
films. The measured internal quantum efficiency at 801 nm is ~ 0.9376. This value
can be used to estimate the diffusion length in the EMB GaAs films, and compared with
an estimate from a minority-carrier lifetime of ~100 ns (discussed earlier), as follows.
The photogenerated current in a (n*-p) solar cell can be approximated [18] under

monochromatic illumination (especially for wavelengths very
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FIGURE 15: I/V data of an EMB thin-film GaAs solar cell on Si.
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FIGURE 16 Spectral-response data on an EMB thin-film GaAs solar cell on Si.
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close to the band edge and for a thin emitter cell), as

a (AL,

J, (A)=gN(A)(A-R(A)) I:l —exp(aW)+ a?L7 -1

{(e, D exp(—aW)+ B}}

where B is given by

2 |exp (—aL) —exp (— aW) exp

Ln
B=
L-W W-L
exp — exp
Ly Ly

and N(A) is the incident photon flux, R(A) is the reflectance of the surface, a()) is the

absorption coefficient in the semiconductor, W is the width of the depletion layer in the
p-base, L, is the electron diffusion length in the p-base, q is the electronic charge, and L
is the thickness of the base. The internal quantum efficiency at a wavelength A, I(A), can

be written as

o (AL,

I(A)=|1-exp (aW)+ 1{(oan ~Dexp(~aW)+ B}

For a nominal base doping level of ~ 4 x 1017 ¢cm™3 and under short-circuit
spectral-response conditions, we obtain a depletion layer width of 0.03 um. At a
wavelength of 801 nm, we can assume the absorption coefficient (L)) as 2.0 x 104 cm-!
[19] in GaAs. The thickness of the base of the cell is ~ 4.0 um. Under these conditions,

the expression for B reduces to
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_ 2fexp(—a)-1]
R
exp|—{~1
Ln

and the internal quantum efficiency can be written as

2 exp(—olL)-1

oL, [2L}
exp{— -1

I | \ln

IA) =1+

Substituting the measured value of internal quantum efficiency as 0.9388 and
other device parameters, we can iteratively solve for the electron diffusion length in the
p-base. We obtain a diffusion length of ~ 7.0 um + 2.0 um. This value is reasonable
considering an estimated diffusion length of ~ 16 um based on the measured lifetime of ~
100 ns (in the EMB GaAs thin film at a doping level of ~ 1 x 1017 cm-3) and a minority-

carrier (electron) mobility of 1000 cm?2/Vsec at these doping levels [19].
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7.0 THIN-FILM Al 3,Gag ¢As/GaAs CASCADES

Thin-film, inverted-grown, Al 34Gag ggAs/GaAs cascade results reported in this
section, were grown on GaAs substrates (and subsequently removed) since the growth of
high-efficiency Al 34Gag¢eAs cells and the cascades on Ge substrates were not
optimized. The cascade results reported here are for thin-films bonded to glass support
substrates. Cascade results based on EMB-Si structures need to be developed as well and

are likely to offer the advantages noted in the previous section for thin-film GaAs cells.

The I-V data on our best Al 34Gag g6As/GaAs cascade is shown in Fig. 17. The
cell has a V. of 2.06 V, smaller by about 0.2 V from the expected value, probably a
result of increased dark-current from the GaAs bottom cell. The short-circuit current
density (Jg.) of the cascade is ~ 13.3 mA/cm? and I-V data suggests the two junctions are
apparently current-matched. The fill-factor is 0.73, a relatively low value, caused by the
extra shunting in the bottom cell and additional series resistance associated with non-
alloyed emitter-contact metallization. The active-area efficiency of the cell at AM1.5 1-
sun is ~ 19.9% (RTI measurement), very close to 20.2%, the best reported [10] efficiency
for a tunnel-interconnect AlGaAs/GaAs cascade grown by MBE. The effect of even
minor solar concentration apparently improves the cascade performance, as shown in
Table. 2. The active-area efficiency is ~ 21% at 5-7 AMI1.5 suns, at a cell
temperature of ~ 65°C. The significant increase in cell temperature to 65°C is attributed
to bonding the thin-film cascade structure to glass, (a poor thermal conductor). We
believe that EMB onto Si should help to dissipate heat in thin-film cells for concentrator
applications. We believe that, with some optimization of growth and device structures,
we can realistically achieve an efficiency of ~ 26-27% in these thin-film, inverted-grown,

AlGaAs/GaAs cascades at ~ 100 AM1.5 suns.
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FIGURE 17: 1-V characteristic of a thin-film, inverted-grown, Al 34Gag gsAs/GaAs
cascade under AMI-5D spectrum.

Conc. Voc (V) FF n (%) Cell Temp

1 2.06 0.73 19.9 25°C
2 2.14 0.74 21.0 —

7.7 2.15 0.73 20.8
25 2.14 0.68 19.3

TABLE 2:  Effect of solar concentration on cascade parameters.




8.0 SUMMARY AND CONCLUSIONS

In summary, we have provided the first demonstration of an inverted-grown, fully
processed, thin-film, Alj34GagggAs/GaAs cascade solar cell.  Also, AM1.5 cell
efficiency of ~ 20.3% for a thin film GaAs cell has been obtained. An inverted-grown,
thin-film, Alg34Gag ggAs/GaAs cascade with an efficiency of 19.9% at AM1.S and an
efficiency of 21% under ~ 7 AM1.5 suns, has been obtained. The thin-film approach
based on a sacrificial Ge substrate and the eutectic-metal-bonding onto Si, has
demonstrated a minority carrier lifetime of 103 ns, the highest for a GaAs thin film on Si.
Based on internal quantum efficiency measurements, an electron diffusion length of ~ 7.0

pm has been estimated in the p-type base of an EMB thin-film GaAs cell on Si.

In conclusion, the inverted-growth approach to high-efficiency AlGaAs/GaAs
cascade should allow a significant IR-transmission below GaAs bandgap. This can be
used to mechanically stack the AlGaAs/GaAs cascade onto a moderately high-efficiency
Si cell. The EMB scheme described in this effort can be modified to produce a 3-
junction, 2-terminal, current-matched (at AM1.5), monolithic Alj37Gag g3As/GaAs/Si
cascade. Efficiency under (200X) concentration for such a cascade is projected to
approach 40%. Most importantly, this approach will involve rather inexpensive Si cells,
and the OMVPE growth of III-V cascades on potentially cheaper, large-area Ge
substrates. It is worth noting that a significant cost (~ 70%) in the fabrication of the high-
efficiency GaAs cells by OMVPE is from the GaAs substrates [20]. Thus the approach
suggested in this program is likely to offer solutions to meet the long-term goals of

NREL in the area of cost-effective, high-efficiency photovoltaics.
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Abstract:

Heavily doped GaAs layers for high conductance GaAs tunnel junctions have been
grown by atmospheric pressure organometallic vapor phase epitaxy (OMVPE) using Zn
as the dopant for the p™ regions and either Se or Si as the dopant for the n™ regions.
At a growth temperature of 700°C using a "cycled" growth technique for the Zn-
doped pTt-GaAs layer, both the conductance and the peak current density of the tun-
nel diode has been increased by a factor of ~ 65 compared to a tunnel junction with a
continuously grown Zn-doped p*- GaAs. The conductance of the tunnel junction,
which is maximized at a growth temperature of 650 ° C using cycled growth, is compar-
able to the best reported values for tunnel junctions grown by molecular beam epitaxy.
Cycled growths for n™ Se-doped regions are found to reduce the conductance of a tun-
nel junction by more than two orders of magnitude. However, cycled growth for the
nT-GaAs regions with Si doping show conductance degradation. A model based on
incorporation sites of these dopants during OMVPE growth of GaAs is presénted to

account for the experimental observations.

Key words: GaAs Tunnel Junctions, OMVPE, Cycled Growth
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INTRODUCTION

Tunnel junctions are useful as interconnects in multijunction cascade solar cells.
Monolithic cascade solar cells, based on lattice matched material systems such as
Al Ga;_,As/GaAs [1] and GagslngsP/GaAs [2], offer the promise of high-efficiency
conversion for photovoltaic power systems. A key for these high efficiency multijune-
tion solar cells is to develop a high conductance interconnect using a GaAs tunnel
junction. GaAs tunnel junctions can also serve as active loads in GaAs FET logic cir-
cuits and as memory elements. The advantages of tunnel diode load circuits result
from the large load capacitance introduced by the heavily doped p-n junction, which
make them insensitive to increase in capacitance as a result of external sources as in

multiple fan-outs. Thus, the tunnel diode load circuit can be faster for large fan-outs

81

A discussion of the I-V characteristics of a tunnel diode is given elsewhere [4]. For
the purposes of this paper, the specific resistivity of the tunnel diode is defined as the
inverse of the ratio of the peak current density (J;) to the voltage (V) across the diode
at J;. In addition, the nature of the peak to valley ratios of the current density (J;/Jy)

and the corresponding voltage ratio (VP/VV) controls its utility in some applications.

An important feature of a tunnel junction current-voltage (I-V) characteristic is
the excess current [4]. This is the current component that exceeds the tunneling and

diffusion current existing in a forward-biased p*-n™ junction. The excess current can
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reduce the (J,/J,) ratio, thus reducing the negative differential region (NDR) in the I-
V characteristic. While the lack of a well pronounced NDR makes the tunnel diode
unsuitable for digital applications, it is tolerable for interconnect applications in multi-
junction solar cells. The éxcess current arises from band-tail tunneling between the
pt- and n*-regions, which result from heavy doping, and also from tunneling through

mid-gap states.

In this paper we present results on conductance and the NDR behaviour of GaAs
pt - nT tunnel junctions grown by atmospheric-pressure OMVPE. Zinc is the dopant
for the p* regions, and either Se or Si as the dopant for the nt regions. An approach
denoted as "cycled" growth is examined and has been shown to improve the conduc-
tance of the tunnel junctions under certain doping conditions. The material properties
of cycled-grown GaAs:Zn, GaAs:Se, and GaAs:Si are discussed first, to explain the tun-

nel junction results.

EXPERIMENTAL

The GaAs tunnel junctions were grown in a conventional atmospheric-pressure
OMVPE growth system using trimethylgallium (TMGa) and arsine (AsHj). The growth
temperature range considered in this study was between 650-700 ° C. The AsH;/TMGa
ratio was typically 30, and the H, carrier flow rate was 8 sim. Dimethylzine (DMZn)
was used for p-tvpe doping. Silane (SiH,) was used to obtain Si doping and hydrogen

selenide (Fl,Se) was used for Se doping. A schematic of the growth procedure in the




-
case of "cycled" growth is indicated in Figure 1. With this technique, AsH; and the
respective dopant flows were uninterrupted while the TMGa flow was introduced
periodically. The TMGa on-time was about 7 seconds and the off-time was about 13

seconds. The growth rate employed during the on-cycle was about 5 A/s, the same as

that in a continuously-grown layer.

GaAs:Zn, GaAs:Se, and GaAs:Si layers on semi-insulating GaAs substrates were
used in this study. Material characterization techniques employed, include the Hall
technique for free-carrier concentration, secondary ion mass spectrometry (SIMS) for
the total dopant levels, and 300K photoluminescence (PL) to study the effects of
cycled growth on luminescence characteristics. The free carrier concentration was
obtained using the van der Pauw technique at a magnetic field of 5 kG. The layer
thicknesses for the Hall data were obtained from the SIMS data, discussed below. A
0.1-um-thick AlygGagoAs surface-layer with the same doping level as in the respective
GaAs layers, was used to reduce the effects of front-surface recombination during PL
measurements. PL was performed on a convent;lonal system using the 5145-A line of

an Ar ion laser.

The total Zn, Si and Se concentrations in the layers were obtained by SIMS using
a Cameca 3f system. The SIMS profiles obtained on both the continuously-grown and
cycled-grown GaAs:Zn, GaAs:Se, and GaAs:Si layers are shown in Fig. 2, 3, and 4,
respectively. The depth profiles were obtained from measured sputtered rates on GaAs

calibration samples. The broad dopant spike/anomaly seen near the surface in the
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SIMS data in Figs. 2 to 4, is a result of dopant incorporation in the AlygGagoAs
surface-layer being different from that in the GaAs layer. We also note that the
dopant spread at the substrate-epi interface regioﬁ (in Figs. 2 to 4), probably a result
of diffusion effects, is at concentrations ~100 lower than the respective average doping
level in the bulk of the layer. Also, the growth time for the actual tunnel junction
layers are about one-tenth of those for layers grown for SIMS data in Figs. 2 to 4. Thus
the effect of diffusion of dopants in the characteristics of tunnel junctions, discussed

below, can be considered marginal at best.

A schematic cross section of a typical tunnel junction with various layer
thicknesses, is shown in Figure 5. The tunnel diode area is 9 x 10™* cm?. The specific
contact resistance of the AuGe/Ni/Au (5004 /150A/2000A) multilayer metallization to
the nT-GaAs substrate, sintered at 350° C for 30 s, was measured to be less than 1 x
10~ ohm-cm?. This specific contact resistance is about a factor of thirty lower than
the lowest spéciﬁc contact resistance obtained for the best GaAs tunnel junction in
this work. The specific resistivity of non-sintered Ti/Au (SOOA/2COOA) metallization to
.p"'-GaAs was measured to be 6 x 107% ohm-cm?® These contact resistivities were

obtained from transmission line model (TLM) patterns [5].

RESULTS AND DISCUSSION

The Hall carrier data, the total Zn level obtained from SIMS (Fig. 2), and the
300K photoluminescence {(PL) peak energies, of GaAs:Zn using continuous and cycled

growths are indicated in Table 1. Here the DMZn partial pressure and the growth
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temperature were kept constant at about 0.4 Torr and 700 ° C, respectively, for both
the growth cases. The hole concentration level has fallen by a factor of two in the
cycled-grown GaAs. The SIMS data, however, indicates that the total amount of zine
in the cycled and continuously grown layers is about the same. Thus, we note ;asignifi-
cant increase in compensation of the cycled-grown GaAs:Zn. The lower PL peak energy

in the cycled-growth sample in spite of the lower hole concentration is noteworthy.

We believe that, during the off-cycle of the cycled-grown GaAs:Zn, the simultane-
ous presence of AsH; and DMZn over the GaAs surface results in the preferential
adsorption of Zn onto interstitial lattice-sites. (A model for interstitial adsorption of
dopant atoms such as sulfur on a GaAs surface during OMVPE has been modelled
elsewhere [6].) Following the off—cycle,.when GaAs growth is initiated, the Zn adatoms
are probably trapped on the interstitial sites. The interstitial Zn (Zn,) is expected to be
a donor in GaAs [7] and, therefore, can cause n-type compensation of the p*-type
material, resulting in a lower .hole concentration. Further, the presence of Zn; donors
near the valence-band edge [7] can cause the overlap of the interband transition and
the conduction-band to Zn; donor transition, causing the PL peak energy to shift to

lower energies.

In GaAs:Zn grown by OMVPE, it has been shown that Zn incorporation increases
(as measured by hole concentration) with the growth rate of GaAs. This behaviour has
been explained by a trapping mechanism [8]. It is also likely, for a given Zn-

overpressure and adsorption rate on the GaAs surface. that bevond a certain amount
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of substitutional Zn incorporation, some interstitial incorporation occurs. The fraction
of interstitial incorporation is likely to become significant at high Zn overpressures.
The interstitial Zn donors can, therefore, cause compensation and the hole concentra-
tion may be lowered. With a higher growth rate one might expect a higher substitu-

tional incorporation, leading to a higher hole concentration.

The material characteristics of GaAs:Se using continuous and cycled growths are
indicated in Table 2. Here the HySe partial pressure and the growth temperature were
kept constant at about 0.015 Torr and 700 ° C, respectively. The electron concentration
is similar in both cases of growth. The 300K PL peak energy of the continuously
grown GaAs:Se with a slightly higher free carrier concentration is higher than that of
the cycled grown sample. This is expected because of .the increased bandfilling effects
with a higher free electron concentration. However, the relative PL intensity of the
cycled grown GaAs:Se is about 4-5 times higher than that of the continuously grown
GaAs:Se. This suggests that the non-radiative processes are weaker in the cycled
grown GaAs:Se and it is likely that Vg,-Se,, deep level complexes, which are known to
occur in heavily doped n-GaAs [9,10], are thermally annealed out during the off cycle
of the cycled growth. The thermal annealing of such deep levels and their consequent
effects on lifetime (in turn on PL intensity) have been previously noted [11]. In effect,
we observe that continuously grown GaAs:Se is likely to have a larger concentration of

Vga-Seas deep levels than the cycled grown GaAs:Se. This argument will be further

discussed below to interpret some of the tunnel junction data.




The Hall carrier data, total Si concentration from SIMS, and 300K PL characteris-
tics of Si:GaAs using regular and cycled growths are indicated in Table 3. The net free
carrier concentration in either growth case are about the same. However, the mobility
of the cycled grown GaAs:Si is significantly lower than that of the continuously grown
GaAs:Si suggesting increased compensation with cycled growth. This is also evident
from the compensation ratio deduced from SIMS and the Hall carrier data. Further the
300K PL peak energy of the cycled grown sample is significantly lower than that of the

continuously grown sample in spite of a very similar net free carrier concentration.

Both these observations are explained well by increased Sijcacceptor compensa-
tion in the cycled grown GaAs:Si. Si incorporation onto As sites during the off cycle is
probably a result of less-than-exact-unity As coverage on the Ga.As‘ surface. It has
been shown that Si,g is the dominant acceptor compensator in heavily doped GaAs:Si
grown by OMVPE [12], with a négligible role of Vg,-Sig, acceptor complexes. Thus,
the thermal annealing during cycled-growth is not expected to introduce any effect on

near-band-edge PL intensity. The data in Table 3 show this.

The characteristics of GaAs tunnel diodes with continuous growth for GaAs:Se
and either continuous or cycled growth for GaAs:Zn are shown in Fig. 6a and 6b,
respectively. The peak current density (Jp) of the tunnel junction with the cycled
GaAs:Zn is larger by a factor of about 65 and the specific resistance is correspondingly
smaller by the same amount than that of the junction with continuously grown

GaAs:Zn. The increase in conductance (Fig. 6b) is also accompanied by the
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disappearance of a well-marked NDR (in Fig. 65). By plotting the .J, values versus
effective doping concentration (as discussed in Ref. 13) for both cases, we find that J,
in Fig. 6a is smaller than the theoretical value by a factor of two, while the J; in Fig.
6b, is higher than the theoretical value by about two orders of magnitude. We note
that the GaAs tunnel junction grown with both cycled GaAs:Zn and GaAs:Se regions
has the NDR (Fig. 6¢) and a J, value consistent with the theoretical value based on

doping levels.

Similar improvements in J;, and the conductance of the tunnel junctions with
cycled GaAs:Zn regions were observed at a growth temperature of 650°C (Table 4).
However, the increase in J; was ~50 compared to ~65 seen at a growth temperature

of 700° C. At a growth temperature of 650°C, we have obtained a J, of 12.8 A / cm2.

and a specific contact resistance of 3.3 x 10 ohm-cm?. This is comparable to the

smallest reported value of 3.0 x 1073 ohm-cm? for a GaAs tunnel junction grown at 520

°C, by molecular beam epitaxy [14].

Using a cycled GaAs:Zn layer in a GaAs tunnel junction with Si as the dopant for
the n*-region leads to a reduction in J, and the specific-resistance, mainly as a result
of the decrease in hole concentration in the cycled Ga.As:én. The I-V characteristics of
tunnel junctions with GaAs:Si for the n¥-regions, using continuous growth or cyecled
growth for GaAs:Zn, are indicated in Fig. 7a and 7b, respectively. The NDR is pro-

nounced in both I-V characteristics; this contrasts with those shown in Fig. 6a and 6b.

It has also been observed that the J, values were within about 20-30 percent of the
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theoretical values for the respective doping levels. The cycled growth of GaAs:Si did
not affect the J; and the conductance values, whether a cycled or continuous GaAs:Zn

layer was used to make the tunnel junction.

We can explain the tunnel junction results in terms of the earlier discussed
material properties, as follows. In the case of tunnel diodes with GaAs:Se (continuous)
and GaAs:Zn (cycled) doping, the presence of V,-Se,s defects in the nT-GaAs region
and Zn; in the p+-GaAs region assist in extra carrier tunneling. Thus, Jp is about two
orders of magnitude higher than the theoretical value, and the NDR disappears as a
result of this excess current. However, with‘a cycled GaAs:Se layer for n-GaAs, the
concentration of Vg,-Ses, centers are probably low due to thermal annealing. Thus,
even though Zn; defects are likely in the pT-GaAs side of the tunnel junction, there
are probably no accompanying states in the nT-GaAs to complete the carrier tunnel-
ing. Thus, the GaAs tunnel junction with cycled G-aAs:S¢ and GaAs:Zn layers show

NDR, as well as a J;, close to the theoretical value for the doping level.

In the case of GaAs:Si and GaAs:Zn system, the low levels of Sig,-Vg, complexes
in Si:GaAs probably limit extra carrier tunneling even though Zn; defects are present
in the cycled Zn:GaAs region. Hence, we obtain near ideal J; values which are con-
sistent with the doping levels under all conditions of growth of GaAs tunnel junctions

with Si doping for the nt-GaAs region.
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We have examined an approach denoted as "cycled® growth in conventional
OMVPE. At a growth temperature of 700 ° C using a cycled growth for the Zn doped

ptT-GaAs layer, both the conductance and the peak current density of the tunnel

diode has been increased by a factor of ~65 compared to a tunnel junction with con-

tinuous growth for the Zn-doped layer. The conductance of the tunnel junction with
cycled growth is apparently maximized at a growth temperature of 650°C. Cycled
growth for nt-GaAs region with the Se-doping is found detrimental for the tunnel
junction conductance. However, cycled growth for the nt-GaAs region with Si-doping
does not lead to conductance degradation. The material characteristics of cycled grown
OMVPE GaAs:Zn, GaAs:Se, and GaAs:Si layers are also presented. A model based on
the incorporation sites of these dopants during OMVPE of GaAs is described to
account for both the observed material properties and the tunnel junction characteris-

-

ties.
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Figure Captions

Figure 1. Schematic of the "cycled" growth procedure.

Figure 2. SIMS profile of GaAs:Zn grown using continuous and cycled
growth.

Figure 3. SIMS profile of GaAs:Se grown using continuous and cycled
growth.

Figure 4. SIMS profile of GaAs:Si grown using continuous and cycled
growth.

Figure 5. Schematic cross section of the GaAs tunnel diode indicating
various layer thicknesses and ohmic contacts.

Figure 6. v characpel'istics of GaAs tunnel junctions grown with
continuous growth for GaAs:Se, and a) continuous and b) cycled
growth for GaAs:Zn. Shown in (c) is the -V
characteristic for a tunnel junction with cycled growth
for GaAs:Se and GaAs:Zn.

Figure 7. I-V characteristics of tunnel junctions with GaAs:Si for
the nT-regions and (a) continuous growth and

(b) eycled growth for GaAs:Zn.
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Material characteristics of GaAs:Zn using continuous and cycled growths at

700° C.

TABLE 1

Continuous Growth

Cycled Growth

SIMS
Zn Concentration
(em~?)

3.3 X 10%°

3.0 X 10%°

Hole
Concentration
(em~?)

3.1 x.10%°

1.5 X 1019

Hole
Mobility
(crn2 JV sec)

56

66

Compensation
Ratio

(N5 /Nx)

0.06

0.5

300K PL
Peak Energy
(eV)

1.414

1.397

56

Relative PL intensities of the band-edge emission in both samples are comparable.




TABLE 2

Material characteristics of GaAs:Se using continuous and cycled growths at 700° C.

Continuous Growth | Cycled Growth

SIMS
Se Concentration 3.2 X 10 4.5 x 10

(em™®)
Electron
Concentration
(cm~®)

Electron )
Mobility 1034 915
(cm?/V sec)
Compensation
Ratio 0.66 . 0.76
(Nz/Ng) '
300K PL’
Peak Energy 1.445 1.434
(eV)

6.6 X 108 6.1 X 108

Relative PL intensity of band-edge emission in cycled GaAs:Se is 4-5 times larger than

that of continuously grown GaAs:Se.
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TABLE 3

Material characteristics of GaAs:Si using continuous and cycled growths at 700° C.

Continuous Growth | Cycled Growth

SIMS
Si Concentration 1.2 X 10'° 3.5 X 10%°
(cm™%)
Electron
Concentration 4.9 X 10'8 4.3 X 1018
(cm™®)
Electron
Mobility 1237 922
(cm?/V sec)
Compensation
Ratio 0.42 0.78
(N&/NF)
300K PL
Peak Energy 1.484 1.426
(eV)

Relative PL intensities of the band-edge emission in both cases are comparable.
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TABLE 4

Peak tunnel current density of GaAs tunnel junctions at different

growth temperatures, using continuous and cycled growths for GaAs:Zn.

Growth Jp of Tunnel Diode
(mA/cm?)
Temperature GaAs:Se Continuous
(°C) Zn: Continuous | Zn: Cycled
700 47 3000
650 256 12800*

* Specific resistance of 3.3 X 1072 ohm - cm?
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Ti/Au

¥
p*t GaAs (Contact Cap) 0.3 um
} pt+ GaAs (Cycled/Continuous) 0.02 um
/ ntt GaAs (Cycled/Continuous) 0.02 um
/ n* GaAs (Buffer) \ 0.3 um

nt GaAs (Substrate)

AuGe/Ni/Au

Fi6.8/pv




H: 0.5 V/div. V:20 pA/div.

(2)

H: 0.1 V/div. V:2 mA/div.

(b)
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