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PREFACE

To realize cost-effective solar cells with efficiencies exceeding 35% is an important
objective of the national photovoltaics program. Cell efficiencies are progressing
rapidly, but it seems unlikely that the present design approach will produce efficiencies
very much above 30% under concentration. Multi-junction cells, both monolithic and
mechanically-stacked, have already achieved efficiencies well above 30%, but substantial
cost reductions are still required. The objective of our research is to examine new design
approaches for achieving very high conversion efficiencies.

The research program is divided into two thrusts with the first centering on exploring
new thin-film approaches specifically designed for III-V semiconductors. By employing
light trapping techniques to confine the incident photons as well as the photons emitted
by radiative recombination, substantial efficiency gains may be possible. The thin-film
approach is a promising route for achieving substantial performance improvements in the
already high-efficiency, single-junction, GaAs cell. The potential for sizable efficiency
gains along with the cell cost advantages make the thin-film approach a promising one
that should be broadly applicable to III-V single- and multiple-junction cells.

The second research thrust centers on exploring design approaches for achieving high
conversion efficiencies without requiring extremely high-quality material. Success in
this phase of the research would benefit multiple-junction cells for which the selection of
a component cell often involves a compromise between optimum bandgap and optimum
material quality. It could also be a benefit in a manufacturing environment by making
the cell’s efficiency less dependent on material quality.

This report describes progress during the first year of this three-year project. A key part
of this year’s work was a collaborative effort, described in Chapter 1, involving Hugh
MacMillan of Varian Associates and Richard Ahrenkiel of SERI. Without their efforts,
this work could not have been accomplished.



SUMMARY
Project Overview

Our group’s past work on basic studies of GaAs solar cells helped us to understand the
losses that dominate in present-day cells, and it serves as the foundation for the device
design research now underway. The unconventional design approaches we are exploring
also require new basic research on radiative recombination, photon recycling, and
AlGaAs loss mechanisms. The research program is, therefore, balanced to increase our
basic understanding of III-V cell device physics and to explore the potential of uncon-
ventional cell designs.

To enhance the already high efficiency of GaAs cells, we are exploring new, thin-film
approaches designed to trap incident light and to take advantage of so-called photon
recycling effects. It has long been realized that radiative recombination is not necessarily
a loss mechanism; if the cell is thick enough and if the emitted photons are confined
within the cell. By adopting a thin-film cell approach, designed to optically confine the
photons emitted by radiative recombination within the cell, lifetimes could be enhanced
by an order of magnitude -—— or even more. Thin-film cells might also benefit from con-
ventional, incident light trapping, which is used with great success for silicon cells.

The second research thrust centers on developing cell designs to maximize conversion
efficiencies without requiring extremely high material quality. By using MBE film
growth, we plan to investigate a variety of cell design options. A sound understanding of
recombination losses in AlGaAs cells is a prerequisite for selecting an appropriate
design, so basic work to quantify losses in AlGaAs cells is an important part of the

research program.
Scientific and Technical Activities: 1990 - 1991

During the project’s first year, our plans were to focus on demonstrating long lifetimes in
MBE-grown GaAs, but an unexpected opportunity to work with Hugh MacMillan at
Varian to characterize lifetime versus doping in high-quality MOCVD n-GaAs arose and
became our main focus. Thirty-five double heterostructure (DH) films with various
active layer thicknesses and seven different doping densities were grown and examined
by photoluminescence (PL) decay measurements in Dick Ahrenkiel’s laboratory at SERI.
The results have provided a wealth of much needed but previously unavailable data for
solar cell design (see Chapter 1 and publications 1-4 listed in Appendix 1). We found
that even for n-GaAs doped above 10! cm™, radiative recombination dominates.
Strong evidence for photon recycling was observed, and the radiative lifetimes were
found to be somewhat longer than for correspondingly doped p-type GaAs. These films



will also pro{'ide the sampl‘es for much of the basic studies on photon recycling planned
for years 2 and 3. Although this opportunity to collaborate with researchers at Varian
and SERI was not a part of the original plan, it should greatly benefit the project.

During the past year, we also had an opportunity to examine the PL decay of three MBE
films doped at 10*” cm™ and three doped at 10'® cm™. The PL lifetimes were found to
be quite long, though not as long as those grown by MOCVD at Varian. In comparison
to the MOCVD films, the MBE films show stronger evidence of Shockley-Read-Hall
(SRH) recombination. At a given film thickness, we find the MBE lifetimes to be
roughly 75% of those for Varian’s MOCVD films. For the more lightly doped films, the
SRH recombination appears to be due to bulk traps and for the more heavily doped films,
to interface traps. Nevertheless, the analysis of the decay constants for the MBE samples
suggest the presence of photon recycling, and the decay constants were longer than the
radiative limit (assuming B=2x 10710 cm3/s) which suggests the presence of radiative
recombination. It appears that although the lifetimes in the MBE films are not quite as
long as those in very high quality MOCVD material, they are sufficient for our studies at
this point. We also now have an abundance of MOCVD films suitable for the photon
recycling basic studies. As the work progresses, however, we shall have to continually
work to suppress SRH recombination in the MBE films.

Another objective for the project’s first year was to demonstrate state-of-the-art
efficiencies for Aly,GaggAs and Alg4GaggAs solar cells. In the past, we have concen-
trated on fabricating test structures in our laboratory and have collaborated with outside
laboratories when high-efficiency cells were to be fabricated. Given the emphasis on
exploring new cell designs, however, we felt that it was important to have an in-house
capability for fabricating high-efficiency cells, so we devoted more effort than initially
planned to this effort. For cell metalization, we turned on a new electron beam evapora-
tion system, and for anti-reflection coatings, a new evaporator was designed, constructed,
and initial evaporations have now been demonstrated. Alg,GaggAs and Aly4GaggAs
films have been grown in our MBE lab. Finally, considerable work on defining and
implementing a complete, high-efficiency cell fabrication process was undertaken. We
plan to have a high-efficiency fabrication process implemented during the project’s
second year and expect that this capability will prove to be important to the project’s
over-all success.

Overview of the Report

This report consists of three chapters which describe last year’s research activities.
Chapter 1 is a detailed description of an experimental study of minority carrier recombi-
nation in n-type, MOCVD GaAs. The results have some important implications for
GaAs cell design. An assessment of the minority carrier lifetimes in n-GaAs grown by
MBE is the subject of Chapter 2. Although the lifetimes are not as high as those we
found for MOCVD material, they should be adequate for the immediate studies we plan.
Finally, Chapter 3 describes our work in developing a high-efficiency cell fabrication
process.
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CHAPTER1
MINORITY CARRIER LIFETIMES
IN N-TYPE GaAs GROWN BY MOCVD

Preface

(A version of this chapter was submitted as an article to the Journal of Applied Physics.)
Time-resolved photoluminescence measurements are used to explore minority carrier recombi-
nation in GaAs grown by metalorganic chemical vapor deposition, and doped n-type with
selenium from 1.3 x 10}” cm™ to 3.8x 108 cm™. For doping densities Np <10*8 cm™3, the
lifetime is found to be controlled by radiative recombination and photon recycling with no evi-
dence of Shockley-Read-Hall recombination. For higher doping densities, samples show evi-
dence of Shockley-Read-Hall recombination as reflected in the intensity dependence of the pho-
toluminescence .decay. Still, we find that radiative recombination and photon recycling are
important for all doping concentrations studied. By separating non-radiative and radiative com-
ponents to the recombination, estimates of the radiative lifetimes are given. These estimates
suggest that the B coefficient decreases with increasing doping concentration.

1.1 Introduction

An understanding of how the minority carrier lifetime varies with doping is essential for
designing bipolar devices such as solar cells, transistors, and lasers. In particular, it is important
to understand how the radiative, Shockley-Read-Hall (SRH) and Auger lifetimes vary with dop-
ing. For p-GaAs grown by liquid phase epitaxy (LPE), extensive data are available and show
that for 101° < N, < 10 cm™, the minority electron lifetime is controlled by radiative recom-
bination [1]. Hwang-reported measurements of the minority hole lifetime in Te-doped, melt-
grown n-GaAs and found that the lifetime was controlled by non-radiative, SRH processes for
most doping concentrations [2-4]. A recent study by Puhlmann, ez al. has found that Sn-doped
n-GaAs grown by LPE is similarly dominated by non-radiative recombination [5]. However,
the radiative and Auger lifetimes are intrinsic processes which are still not satisfactorily
quantified in n-type GaAs. Garbuzov deduced radiative lifetimes in LPE-grown n-type GaAs,
but his results differ from Hwang’s by an order of magnitude. Few attempts at measuring the
Auger coefficients have been made [5-7]. Theoretical predictions for the importance of Auger
recombination in GaAs are widely varied [8-10] largely because so little supportive data is
available. Neither Hwang nor Garbuzov found evidence of Auger recombination in n-type
GaAs, while Puhlmann, et al. found an unexpectedly high Auger coefficient. Modern epitaxial
growth techniques produce higher quality material which ought to yield more accurate results
for the intrinsic recombination mechanisms, radiative and Auger.

In this paper we report a comprehensive study of the doping-dependent minority carrier
recombination in AlGaAs/GaAs double heterostructures (DHs) grown by metalorganic
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chemical vapor deposition (MOCVD) and doped n-type with selenium from 1.3 x 10! em™ 1o
3.8x10!8 ¢cm™. Unlike Hwang and Puhlmann, et al., we find that radiative recombination is
the dominant mechanism for Np < 10'® cm™? and is important at all doping concentrations.
Intensity-dependent measurements show evidence for SRH recombination in films doped
Np > 1018 cm™, and the data indicate that the radiative coefficient may decrease with increas-
ing doping in n-GaAs. |

The paper is organized as follows. An outline of the analysis procedure for the DHs is
given in Sec. 2. The MOCVD growth techniques are described in Sec. 3 where the DHs grown
for the study are listed. The experimental apparatus and techniques for measuring the time-
resolved photoluminescence decay are also described in Sec. 3. In Sec. 4 we present the results
for both low- and high-intensity laser excitation. The measured results are analyzed in Sec. 4,
and deduced lifetimes of the several mechanisms are given. In Sec. 5 we show by further
analysis that the data indicate that radiative recombination and photon recycling are important
at all doping concentrations. Finally, we summarize the results and conclusions in Sec. 6.

" 1.2 Procedure for Double Heterostructure (DH) Analysis

Observing the photoluminescence decay of DHs has become a popular technique for the
determination of interface and bulk recombination parameters [11,12]. Under easily achievable
conditions which produce a flat carrier distribution in the DH, one can express the decay con-
stant of a DH as [13],

-....1—.=.....l_.+ 2

=, 1.1a)
ToH  Toux  d (

where the bulk lifetime is defined as

1 1 1
—_—t + .
Towk T TSRH  TAuger

1 -

(1.1b)

Here, S is the average of the front and back interface recombination velocities, d is the DH
thickness, and Ty, is made up of contributions from the radiative, SRH, and Auger mechan-
isms, respectively. Equations (1) clearly show contributions to tpg from both the interfaces and
from the several bulk mechanisms. In this section we outline the steps taken and issues con-
fronted in determining the minority carrier lifetimes and recombination velocities of these
mechanisms by observing photoluminescence decay. We find that we are able to set upper lim-
its on S, lower limits on the non-radiative lifetime and then compute the bounds on the radiative
lifetimes for each doping concentration.

In order to quantify experimentally the contributions from each of the recombination
mechanisms, the tpy of several DHs of varying thickness at a specific doping concentration
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must be measured. To separate the bulk contribution from that of the interfaces, a plot of 1/tpy
versus 2/d is constructed. According to Eq. (1a), the intercept of this line is 1/Tyyxk, and the
slope of this line is taken to be the average of S¢ and Sy, the front and back interface recombina-
tion velocities, respectively. However, in all cases reported here, we found that these plots were
decidedly non-linear, making determination of a unique S impossible. It is only possible then to
place an upper limit on S based on the decay constants of the two thinnest DHs, One could
explain this non-linearity by a thickness dependence of the effective interface recombination
velocities, Sesr. However, we discuss data and analysis in Secs. 4 and 5 that show that this cur-
vature can better be explained by photon recycling.

Photon recycling is the reabsorption of photons emitted during a radiative recombination
event, which creates a new electron-hole pair. Photon recycling increases the observed minority
carrier lifetime of GaAs when radiative recombination is important. The bulk lifetime is then
rewritten as |

1Lt 1

- ’ ( 1 .2)
Touk  $:T  TSRH  TAuger

where ¢, Asbeck’s recycling cofactor [14], is the inverse of the probability that an isotropically
emitted photon escapes the active volume of a DH with a flat distribution of e¢xcited carriers.
Since photons are only lost at the interfaces, an average photon emitted isotropically is more
likely to be reabsorbed in a thicker DH. This results in a thickness dependence on the bulk life-
time, as a thicker DH will seem to have a longer radiative lifetime [14-16]. Since Tpyx
increases with DH thickness, the value of S that we deduce will be an upper limit. '

In light of these observations, the first step in the analysis of a series of DHs is to set the
upper limit of S (which we found to contribute little to recombination for Np 2 108 cm™3). The
second step in the analysis is to separate radiative recombination from non-radiative bulk
recombination by accounting for photon recycling. Neglecting 25/d for 1arge d, we can write
the DH decay constant as

rTr Tar

TpH = ————— (1.3)
DH ¢ﬁr+1n;

where T, is a combination of the SRH and Auger lifetimes. Since ¢,t, becomes large as d
becomes large, Tpy should approach the non-radiative bulk lifetime for the thickest DHs even if
the assumption of a flat carrier distribution is not valid for the thicker and more heavily doped
DHs. The decay constant of the thickest DH at each doping concentration is thus a lower limit
for the non-radiative lifetime at that doping level.

The final step is to subtract the contributions of these non-radiative surface and bulk
mechanisms from the total recombination of the thinnest DH. This difference yields the ¢,7,
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n-Al, .Ga,.As  5y10"% em™® 500 A

n-GaAs Active Layer
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Figure 1.1 Basic structure of the double heterostructures (DHs) grown by metalorganic
chemical vapor deposition. Laser illumination and luminescence detection occur at the
top.
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product for that DH at a specific doping concentration. Values for ¢, from the literature [16]
allow determination of T,. Thus from a series of DHs of differing thicknesses at a specific dop-
ing concentration, one can estimate the parameters determining the rates for the radiative and
the surface and bulk non-radiative recombination mechanisms. The relative importance of each
of these bulk mechanisms changes with doping, and it is the crux of this paper to quantxfy the

.parameters for each mechanism.

1.3 Film Growth Methods

The DHs were grown at 740°C under atmospheric pressure by MOCVD in a horizontal
reactor at the Varian Research Center. Zinc-doped, horizontal-Bridgman substrates were heated
by radio frequency induction. The susceptor was molybdenum, coated with GaAs. The growth
rate was six microns per hour except for the films doped to 2.4 x 10'® cm™3, for which the
growth rate was four microns per hour. Hydrogen selenide (from Scott Specialty Gases) diluted
to 55 p.p.m. with hydrogen was the doping agent, and trimethyl aluminum, trimethyl gallium,
and 100% Arsine were the sources. The V/III ratio was 30, with the exception of the films
doped to 2.4 x 10! cm™3, for which the V/III ratio was 45. Hydrogen was purified by diffusion
through palladium to provide a background flow rate of 12 liters/min.

Double Heterostructure Parameters

Np (cm™) Targeted Thicknesses(} i)

1.3x107 | 025 | 125 | 2.5 | 5.0 | 10.
3.7x107 | 025 | 125 | 2.5 | 5.0 | 10.
1.0x10"® |05 | 1.0 | 2.0 | 40 | 8.
22x10"% 1025 | 125 | 25 | 5.0 | 10.
24x10% | 025 | 05 | 1.25 | 25 | 10.
3.8x10% | 025 | 05 | 1.25 | 25 | 10.

Table 1.1  List of targeted thicknesses and measured doping concentrations for the double
heterostructures (DHs) grown for this study. Doping concentrations were
determined by van der Pauw measurements on the thickest DHs.

The basic structure of the DHs is shown in Fig, 1.1, and Table 1.1 lists the DHs grown for
this study. Alp3Gag7As layers provide passivation and carrier confinement. The back two
AlGaAs layers serve these purposes and serve as etch stop or etch release layers as well
[17,18]. All doping concentrations were measured by the van der Pauw technique.
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Figure 1.2 Typical decay of photoluminescence intensity as observed from a
AlGaAs/GaAs double heterostructure (DH). This DH is 1.0 wm thick, doped to 10'8 cm™,
and is under 20 milliwatts intensity over a one centimeter illumination spot size.
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Photoluminescence decay was observed by the time-correlated, single photon counting
technique described previously [19]. The DHs are illurninated with light of wavelength 600
nanometers at intensities from 0.1 to 20 milliwatts with a one centimeter diameter spot size. A
typical decay is shown in Fig. 1.2. This DH has a 1.0 pm thick active area doped 10'® cm™
and is under 20 milliwatts illumination. The initial fast decay is due to radiative recombination
under high injection. A least squares fit to the natural log of the data yields the DH decay con-
stant.

1.4 Results

Table 1.2 lists the decay constants and uncertainty under low intensity excitation for each
DH studied. Figure 1.3 plots these data points versus doping along with the theoretical radiative
limit defined as

1

= 5o (1.4)

T

using a B coefficient of 2.0 x 107'% cm®/sec [20]. Note that the lifetimes of all DHs, including
non-radiative mechanisms, are longer than this theoretical estimate.

Figure 1.4 shows plots of 1/tpy versus 2/d for several doping concentrations. As men-
tioned earlier, all are non-linear. Non-linearity in these plots can come about by either a change
in Sege with DH thickness or by photon recycling, but we show in Sec. 5 that the most likely
explanation is photon recycling. Table 1.3 lists the upper limits of S for each DH series. Using
Egs. (1) and assuming Ty, is constant, the upper limit of S was computed by

1/tpH1 — 1/tpH2

T, = (15

1
S=3

where the subscripts one and two refer to the thinnest DH and the second most thin DH, respec-
tively, at each doping concentration. We find that interface recombination strongly contributes
to the decay constant only for the thinnest DHs with Np € 3.7 x 10'7 ¢cm™. Later we will show
that the bulk recombination of all DHs with Np < 10'® ¢m™ is dominated by radiative recombi-
nation. Knowing this, a more accurate estimate for S is obtained by accounting for the change
in Ty due to photon recycling. If Tyuyx = 0,7, Eq. (5) is rewritten as

1 Gr1/TDHI — Or2/TDH2
S== 1.6
3 " on/d1 = 0rlds (1.8

Using values for ¢, taken from Miller [16], we find more reasonabie values of S to be 33 cmy/s



-
) |

Double Heterostructure (DH) Decay Times

W DH Decay Constant (ns) .
13x 107 | 655 145+ 5 210£5 | 330£10 | 4655
3.7x1017 | 21+2 482 65+ 3 1062 | 1544
1.0x 10'® 9:£2 101 1205 | 1751 | 24%2
22x101% | 405 48+05 | 55+05 | 7.2+02 | 8.8£0.2
124x101% | 248+0.1 | 252+01 | 275£05 | 3.1+0.1 | 3.2+0.1
3.8x10% | 17+£02 | 1752025 | 1.9x0.1 | 24£02 | 3.4£02

fit to the logarithm of the data.

Upper Lirmts of Recombination Velocities
T Np (cm™) S (cm/s)
1.3 107 115
3.7x 107 417
1.0x 108 454
2.2 x 101 648 |
2.4x 1018 157
3.8x 108 412

computed fron71
Np = 3.7 x 10!

Table 1.2  List of the decay constant and uncertainty under low intensity excitation for each
double heterostructure studied. Decay constants were determined by least squares

Table 1.3  List of the upper limit of the interface recombination velocity for eagh senes as

Eq. 4 More reasonable values for Np = 1.3 x 10
cm found by incorporating recycling theory are 33 cmy/s and 124
cmy/s, respectively.

em™ and
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and 124 cm/s for the L 3% 10'7 cm™ and 3.7 x 10!7 cm™ DHs respectively.

After deterrmmng S, the next step is to determine the radiative and non-radiative contribu-
tions to the bulk recombination. These can be found by looking at a plot of Tk versus DH
thickness. Figure 1.5 shows Ty versus DH thickness for Np < 10'® cm™. tuyy is found by
subtracting the interface contribution to recombination from Tpy, using the more reasonable
values for S. The solid line in Fig. 1.5 represents the expected dependence of the bulk lifetime
if the change in Ty, were due solely to radiative recombination and photon recycling. The data
closely follow recycling theory. We believe this is indicative of material dominated by radia-
tive recombination with the observed lifetime enhanced by photon recycling.

By assuming that photon recycling is responsible for the changes in lifetime with DH
thickness, we can now use Eq. (3) to deduce a lower limit for the nron-radiative lifetime for DHs

with Np > 10'® cm™3. Figure 1.6 shows tpy versus d for several hxgh doping concentrations. -

Figure 1.6 may, at first glancc, look similar to Fig. 1.5. However, the ratio of the largest and
smallest DH decay constants is about two for the DH series represented in Fig. 1.6 while the
ratio of the bulk lifetimes is about six for the series in Fig. 1.5. This means that Tpy is saturat-
ing at a value we take to be the non-radiative bulk lifetime. Since the DHs doped

~ Np =108 cm™ do not show this saturation, we estimate T, from the thickest DH tu be much

longer than any tpy observed. The ¢,T, product is then computed by subtracting the non-
radiative contributions (surface and bulk) from the decay constant of the thinnest DH. Since the
non-radiative lifetime, as will be discussed below, is dependent on the injection level, it is
important to compare DH decay constants measured at similar levels of 1nJection. Therefore,
the following analysis was done using low intensity data for Np < 10! ¢cm™3, and high intensity
data for the other doping concentrations.

Figure 1.7 displays deduced radiative lifetimes with uncertainties. (It is helpful now to
refer back to Eqs. (1) and (2).) The data point represents tpy for the thinnest DH after the con-
tribution from 1t,, estimated from the thickest DH is subtracted. It is not our estirnate for the
radiative lifetime. By subtracting the contribution to the total recombination from the interfaces
(found from the upper limit of S in Table 1.1, or from the more reasonable values of S for
Np < 10'® ¢cm™3), we obtain the upper limit of the error bars. The lower limit of the error bars
is obtained by dividing the value at the data point by the value of ¢, obtained from the literature
[16] (essentially this assumes S=0). It has been shown that ¢, decreases with increasing doping
concentration for a given DH thickness [14]. The values of ¢, we use here are valid only in the
range of doping concentration near Np = 2.0 % 10!7 cm™, so ¢, is increasingly overestimated
for greater Np. Therefore, in Fig. 1.7 the lower limits of the radiative lifetimes for more highly
doped n-GaAs are too low. Also shown for reference is the theoretical T, as computed by set-
ting B =2.0 x 10710 cm®/s.

Two aspects immediately stand out. First, the lifetimes deduced are longer than the typi-

cally assumed value; second, the B coefficient seems to decrease for the highest doping concen-
trations. The apparent change in B would be more significant for higher Np if ¢, were better
known. Hwang also reported a decrease in B for n-type GaAs although his results differ
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Figure 1.4 Plots of 1/tpy versus 2/d for several doping concentrations. Note that all are
non-linear making it impossible to determine a unique value for the interface
recombination velocity from the slope of the curve. The negative curvature is evidence for
photon recycling.
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Figure 1.5 Plot of Ty versus DH thickness for Np < 10" cm™. The interface
contribution is subtracted off from Tpy using more reasonable values for S mentioned in
the text. One can see that the bulk lifetime behaves in a manner consistent with photon
recycling theory over a large range of DH thickness. The ratio of the longest and shortest
bulk lifetimes is nearly six.
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quantitatively from ours. This decrease in B has been attributed to the filling of electron states,
commonly referred to as the Burstein shift [4,21].

Finally, it is of interest to identify the mechanism for the non-radiative bulk recombination
for the DHs with Np > 10'® cm™. For some of these DHs, a single lifetime could not be fit to
the decay for high-intensity excitation. Figure 1.8 shows this for the 10. um thick DH doped to

3.8 x 10'® cm™. We attribute this to the saturation of SRH deep levels under high intensity, but
not high injection conditions [22]. Under these conditions and if' T > T, the deep levels can
become empned and the SRH recombination equation reducee to :

(.7

where Ap is the excess carrier concentration. This shows that the effective SRH lifetime is
longer under high intensity than tggy under low intensity conditions. We know that low injec-
tion conditions exist because we don’t see the initial fast decay seen in Fig. 1.2. This effect is
more evident at higher doping concentrations as the SRH lifetime becomes shorter and compar-
able to the radiative lifetime. It is also most prominent in the films doped 2.4 x 10'8 cm™3,
which were grown at a slower growth rate than the other DHs. These films show the least varia-
tion in decay constant with DH thickness, which is indicative of material dominated by non-
radiative recombination rather than radiative recombination and photon recycling. Thus, we
believe that the non-radiative lifetime is dominated by SRH deep levels in the DHs doped to
Np > 1018 cm™3,

We are unable to determine the contribution from Auger recombination with the measure-
ments reported here. None the less, we can set an upper limit on C, if we attribute all the
recombination in a DH to Auger mechanisms. We find that under high intensity excitation, the
decay constant of the 10 um thick DH doped to 3.8 x 10'® cm™ yields an upper limit for C, of
1.6 x 10~2? cm®/s, which is an order of magnitude smaller than C, = 1.5 x 10728 c¢m®/s deduced
by Puhlmann, etal. Haug computed the Auger coefficient, C,, theoretically to be
0.47 x 107% cm®/s in n-type GaAs [9]. Since SRH recombination is significant in our DHs at
higher doping concentrations, the actual value of C, in our material must be significantly
smaller so Haug’s computation is not inconsistent with our results.

1.5 Discussion

Our analysis of the DHs and the results they have provided depend on our assumption that
the films were dominated by radiative recombination and photon recycling. Is there another
explanation? Equations (1) are not valid for the thicker DHs doped Np 2 10'® cm™ because the
shorter lifetmes prevent establishment of a flat carrier distribution before the luminescence
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signal becomes too weak to detect. Despite this, an exponential lurninescence decay is
observed after some time, at which point we determine tpy. At the time when we determine
Tpy experimentally, fewer carriers are at the back interface so it’s contribution to the total
reoombination is effectively diminished. It is then possible to explain a non-linear
1/tpy versus 2/d plot by assuming a high Sp. Further, it has been shown in films grown by
molecular beam epitaxy that the back interface can be of significantly poorer quality than the
front interface [23]; such could also be the case for material grown by MOCVD,

However, referring back to Fig. 1.4, we saw that the slope of 1/tpy versus 2/d is Seg, the
average of the front and back effective interface recombination velocities. - If the change in
observed lifetime were due to a decrease in Seg, one would expect the slope of 1/tpy versus 2/d
to decrease for larger d. In other words one would expect a curve with positive curvature.
Instead, 1/tpy versus 2/d has negative curvature for all doping concentrations reported here.

Additionally, Eqs. (1) are valid for all our DHs if Np < 3.7 X 10'7 cm™, The 1/tpy versus
2/d plots for these doping levels, like all others, display negative curvature, We also observed
in Fig. 1.5 that the bulk lifetimes for Np < 10'® cm™ behaved in a manner consistent with recy-
cling theory. Finally, we performed computer simulations of the highly doped DHs using a
finite difference solution to the minority carrier diffusion equation. Using a constant Sy, and a
constant bulk lifetime which was too short to establish a flat carrier distribution, the 1/tpy
versus 2/d plots show positive curvature, These arguments reaffirm our statement that the thick-
ness dependence of the decay constant is largely a bulk effect and is evidence for photon recy-
cling.

1.6 Conclusions

We have estimated the radiative lifetimes for n-type GaAs  with
1.3 %1017 cm™ < Np < 3.8 % 10'® cm™, We have shown that the radiative lifetimes deduced
are longer than previously believed, based upon the commonly used value for the radiative
coefficient, B =2.0x 10~'% cm¥/s, but shorter than the results reported by Hwang [2-4] or by
Puhlmann, et al. [S] We find, like Hwang, that the B coefficient seems to decrease with increas-
ing doping. Unlike Hwang and Puhlmann, et al., we find that radiative recombination dom-
inates for Np < 10'® cm™3, and is important for all doping concentrations studied.

We also have shown evidence that photon recycling is important at all doping concentra-
tions, and has a significant effect, creating a thickness dependence of the observed lifetime. We
observed evidence that the non-radiative bulk recombination for Np > 108 cm™ is dominated
by SRH mechanisms. Finally, we found an upper limit for the Auger coefficient for n-type
GaAs. |

In order to better quantify the radiative lifetime, photon recycling must be better under-
stood. Values for ¢, at higher doping concentrations are needed, but before that, more con-
sistency in the data for the absorption coefficient near the band edge in n-GaAs must be found
[24]. Future luminescence efficiency measurements as a function of incident intensity will
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allow better assessment of the Augér recombination coefficient.
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CHAPTER 2
\‘ ‘, o ASSESSMENT OF LIFETIMES IN MBE-GROWN N-GaAs

- (A more detailed description of the behavior and analysis of double heterostructures can be
found in Chapter 1 of this report.) In order to determine the quality of Purdue’s n-type GaAs
grown by molecular beam epitaxy (MBE), we have grown two series of double heterosiructures
(DHs) doped with silicon to concentrations of 1017 cm™ and 10'® cm™. Figure 2.1 shows the
basic DH structure, and Table 2.1 shows the DH thicknesses and the decay constants found
from observing photoluminescence (PL) decay at SERI. The decay constants of the thickest
DHs were longer than the theoretical radiative lifetime using a value for the radiative B
coefficient of B =2.0x 107! cm’/s. We find that the MBE films and interfaces are of good
quality, though not as good as the MOCVD films grown by Dr. Hugh MacMillan of the Varian
Research Center. We find that our material quality is sufficient to continue studies in high
efficiency GaAs-solar cells.

Under easily achievable condidons which produce a flat carrier distribution in the DH, one
can express the decay constant of a DH as [1],

1 B (1a)

TOH Toux d

i T

where the bulk lifetime is defined as

1 = 1 + 1 + 1 .
Toulk Ot TSRH ~ TAuger

(1b)

Here, S is the average of the front and back interface recombination velocities, d is the DH
thickness, and Ty, is made up of contributions from the radiative, SRH, and Auger mechan-
isms, respectively. Asbeck’s recycling cofactor, ¢,, quantitatively accounts for the enhance-
ment of the radiative lifetime due to photon recycling [2]. Equations (1) clearly show contribu-
tions to Tpy from both the interfaces and from the several bulk mechanisms. The lifetime plot-
ted in Figs. 2.2-2.4 are found by a least squares fit to 50 data points. The decays of the MBE
DHs differ in that the decay constant continuously decreased as shown in Fig. 2.3, for example.
The PL decays of the MBE DHs doped 107 cm™ were not measured at sufficiently low inten-
sity to prevent saturation of SRH recombination centers such that an exponential decay would
be obtained. It was impossible, therefore, to determine the device lifetimes from the lower
intensity PL decay observed; thus, a range of tpy is entered in Table 2.1 in such cases.
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Double Heterostructure Thicknesses and Decay Constants
Np = 107 ¢cm™3 %=1BNp=50ns
DH Low Intensity High Intensity
Thickness(pm) TDH TDH
0.5 1023 ns 283 ns
1.0 8-18 ns 30£5ns
4.0 25-50 ns 83+3ns

Table 2.1. List of targeted thicknesses, dopin con%entrations, and observed decay
constants for the double heterostructures doped 10** em™ for this study.

‘S

The observed PL decays of the MBE DHs behaved differently from those of the MOCVD
films indicating differences in the dominant recombination mechanisms. We found MOCVD
films doped Np < 10'® cm™ to be dominated by radiative recombination. For the MBE DHs
we find that the films doped to 10'? em™ showed évidence of Shockley-Read-Hall (SRH)
recombination centers, as indicated by a non-exponential decay under high intensity illumina-
tion. The non-exponential decay is attributed to the saturation of SRH deep levels under high
intensity, but not high injection conditions [3]. Under these conditions and if t, > t,, the deep
levels can become emptied and the SRH recombination equation reduces to

R=— 2P )

Ap
Np ™

where Ap is the excess carrier concentration, and the other symbols have their usual meanings.
This shows that the effective SRH lifetime can be longer under high intensity illumination than
Tsry under low intensity illumination. This saturation of SRH recombination centers was also
observed in the thicker and more heavily doped DHs.grown by MOCVD. An example of non-
exponential PL decay for the MOCVD DHs is shown in Fig. 2.2 where two separable regions of
differing decay constant are observed.
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n-Al, ,Ga, ,As 1x10"" cm® 600 A
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n-AlAs  1x10"%em?® 500 A
p-GaAs 1x10"" em®  1um

Semi-Insulating GaAs substrate

Figure 2.1. Basic structure of the double heterostructures grown by molecular beam

epitaxy.
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Figure 2.2. Photoluminescence decay for a 10 um DH doped to 3.8 x 10'8 cm™, grown by
MOCVD, and under 10 milliwatts of excitation (high intensity). Note that there are two
separable regions of differing decay constant, the initial one being approximately 4.1
nanoseconds, the second one being nearly 3.2 nanoseconds. Lifetimes versus time were
computed by performing a least squares fit to 50 data points.
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Figure 2.3. Photoluminescence decay for a 4 um DH doped to 10'7 cm™ under 0.5
milliwatts of excitation (low intensity). The decay constant of this DH grown by MBE
continuously decreases making a unique determination of Tpy impossible. Lifetimes
versus time were computed by performing a least squares fit to 50 data points.
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Under high-intensity conditions, the PL decays showed an initial fast decay (typical of

radiative recombination under high injection conditions) followed by an exponential decay.
The plots of lifetime for these DHs are very noisy even if a large number of data points is used
for the least-squares fit. Figure 2.4 is representative of these noisy data and the difficulty they
present in determining tpy. A plot of 1/7py versus 2/d for the high intensity data is shown in
Fig. 2.5; no corresponding plot for the low intensity data could be made because only a rangc of
Tpy could be deduced. The upper limit of the interface recombination velocity, S, deduced is
118 cm/s, which is small. (Interface recombination does not contribute significantly to the total
- recombination in the DHs.) Since there is so much uncertainty in the determination of Tpy
under high intensity for the DHs doped to 10!7 cm™, this S should only be considered to be an
order of magnitude result. The negative curvature displayed in Fig. 2.5 could be indicative of
photon recycling; however, with only three data points available, it is difficult to say anything
absolute. .
The DHs doped to 10'® cm™3 showed exponential decays for most all intensities. Under
high intensity, evidence of saturation of SRH recombination centers is observed, and we find
that this is most prevalent for the thinnest DH. That the non-exponential decay is most pre-
valent in the thinnest DH grown by MBE indicates that the interfaces are the dominant recombi-
nation mechanism in these DHs. (For the MOCVD DHs, when we observed saturation of SRH
centers, it was more prevalent for thicker samples. In this instance the effective radiative life-
time is enhanced by photon recycling, so the dominant recombination mechanism in the thicker
DHs becomes SRH.)

Figure 2.6 shows 1/tpy versus 2/d for the DHs doped 10 cm™3, under high and low
intensities. Both of these plots are nearly linear, which is further evidence that the DHs are
dominated by non-radiative recombination. (For DHs dominated by bulk recombination, such
plots would show negative curvature (see Chapter 1) if radiative recombination and photon
recycling were important.) Also, the S for the DHs under high intensity illumination is almost
exactly half the value of S for the DHs under low intensity excitation, which further indicates
that interface recombination centers are dominant and are becoming saturated. If the recombi-
nation centers saturate, the rate of recombination becomes dependent on both electron capture
and hole capture, slowing the total process. Another noteworthy aspect seen in Fig. 2.6 is that
the intercept for each of the linear fits is the same for both low and high intensity excitation.
The inverse of the y-intercept would be the bulk lifetime if there is no photon recycling. (See
Egs. 1.) That Ty, does not change with intensity is an indication that the bulk material is dom-
inated by radiative recombination. This "bulk lifetime" is approximately 12 nanoseconds which
is comparable to that measured for the MOCVD films doped to Np = 10'® cm™. This is more
than twice the lifetime that would be deduced from the often-used B-coefficient. (See Table
22) ,

We find that the S of the DHs doped Np = 10'8 ¢cm™ is significantly larger than that of the
DHs doped Np = 10'7 cm™. A similar but weaker trend was observed for the MOCVD DHs.
That S would increase with increasing doping could be attributed to a reduction of the barrier at
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Figure 2.4. This is the same DH as was shown in Fig. 2.3, but the excitation power is 10
milliwatts here. The luminescence decay plots for these DHs are very noisy, even if a
large number of data points is used for the least-squares fit. This figure is representative of
the difficulty this noisy data presents in determining tpy. Lifetimes versus time were
computed by performing a least squares fit to 50 data points.
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deduced is 138 cm/s, which is small.
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Double Heterostructure Thicknesses and Decay Constants
Np = 10*® cm™? . =1/BNp=5ns
‘ ‘
DH low intensity | medium intensity | high intensity
Thickness(um) TDH TpH TDH

0.25 25+£02ns 2.7-3.8 ns 4.1£0.3ns
0.5 | 42x05ns 4.5-5.8 ns 58+£0.2ns
2.0 7.8 £0.3 ns 9.5-10.7 ns

Table 2.2. List of targeted thicknesses, dopir% concentrations, and observed decay
constants for the double heterostructures doped 10™ ¢m™ for this study.

the GaAs/AlGaAs interfaces. The barrier for holes is smaller at higher doping concentrations
because the equilibrium Fermi level of the n-GaAs is higher in the conduction band. The higher
this GaAs Fermi level is in the conduction band, the smaller the potential barrier between the
valence bands of the GaAs and AlGaAs layers become. This yields a barrier of smaller poten-
tial. While still able to confine minority holes in the GaAs active layer, a smaller potential bar-
rier will allow more holes to reach the interface where recombination occurs.

In conclusion we have found that the lifetimes observed for our n-type GaAs grown by
MBE are satisfactory for continuing our basic studies into high efficiency GaAs solar cells. At
each doping concentration, we observed DH decay constants greater than those which would be
deduced from the radiative limit using B=2.0x10"%cm’/s, For DHs doped to
Np =107 cm™3, the interface contribution to the total recombination was small. Although S
was significant for the DHs doped to Np = 10*® cm™, and this needs to be addressed, the bulk
lifetime was as good as the best quality n-type GaAs.
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Figure 2.6. Plot of 1/tpy versus 2/d for the DHs doped 10'® cm™, under both high and
low intensities. Both of these plots are nearly linear which is evidence that the DHs are
dominated by interface recombination. That 1y, (as found from the inverse of the y-
intercept) does not change with intensity is an indication that the bulk material dominated
by radiative recombination. The interface recombination velocities deduced are 4070 cm/s
and 2033 cy/s for low and high intensities, respectively.
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CHAPTER 3
BASELINE AlGaAs CELL FABRICATION PROCESS
Summary

With the addition of an antireflection coating system, we are now fully capable of fabrica-
tion and analysis III-V solar cells here at Purdue, This chapter of the report discusses the basic

~processing steps used to fabricate the x=0.2 and x=0.4 Al mole fraction AlGaAs solar cells,

highlighting the changes we have made to our standard GaAs diode processing, Significant
changes were made to the metallization technique in order to ensure low-resistance contacts.
Changes were made to the photolithography steps for compatibility with AlGaAs. Although we
are not able as yet to test solar cell efficiency, we can project the efficiency of solar cells from
the measured dark I-V and internal quantum efficiency. The results of such projections provide
insight into the loss mechanisms of the cell, and serve to guide subsequent fabrication efforts,

3.1 Film Growth and Processing
Our Varian Gen II system for molecular beam epitaxy (MBE) has produced record quality
Alg22Gag 78 As solar cells [1]. It has been shown that high growth temperatures yield higher
quality AlGaAs [2] and we are still exploring that avenue. Design improvements could include
a semiconductor stack reflector (S§SR) [3}, which would double as a back surface field, improv-

- ing collection efficiency and thus cell efficiency. The emphasis in process development has

been to avoid inadvertent degradation of the material quality, and subsequent device perfor-
mnance, by careful selection of process steps, techniques, and sequences.

A detailed process run sheet for our solar cell fabrication is in Appendix 1. An overview
of the major processing steps in the fabrication of a solar cell is as follows:

Substrate mounting onto a Si wafer with indium.

Resist application and patterning for metal lift-off,
Pre-evaporation surface treatment in NH,OH : DI

Metal evaporation and resist lift-off.

Device evaluation: contact resistivity, metal thickness.

Resist application and patterning for mesa definition.

Mesa etch, using HyO5 : HO: Hy 80, : CH3OH. Resist removal.
Device evaluation: mesa height, dark IV,

Cap Etch, using Citric acid and H;O,.

Optional antireflection coating with MgF, and ZnS, followed by a resist step to open
contact window.

S e e
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11, Quantum efficiency and dark I-V measurements, efficiency analysis.

, 3.1.1 Metal Definition

The first processing step is to prepare the sample for metallization. We expose using a
darkfield mask to define the metal pattern for the solar cells and test devices such as varying
area diodes and transmission lines. The chlorobenzene soak treats the photoresist so that excess
metal can be subsequently lifted off. AZ 351 developer is found to be best suited for AlGaAs
work. For GaAs processing American Hoescht AZ developer can be used, but AZ developer
etches AlGaAs. ‘

The next step removes the native oxide. Originally, we used a 1:40 NH4OH : DI solution;
the sample was immersed for 1 minute immediately before loading into the metal evaporation
system, However, contact resistance studies showed poor and inconsistent contacts when this
treatment was used. We found that increasing the concentration to 1:5 NH4OH : DI resulted in
contacts with consistently lower resistance. The sample is soaked for one minute then immedi-
ately loaded into the metal evaporation system,

We perform metallization in a Varian 4-pocket electron-gun evaporation system. The sys-
tem is cryopurmped while under high vacuum, and roughed using a combination of dry-vane
mechanical and LN, sorption pumps. Source to sample distance is approximately 11 inches.
System cycle time from roughing to unloading is typically eight hours. The electron gun is
powered by a 6 KW, 6 KV dc supply, and the gun itself is an older 270° style.

The desired metal is evaporated, and the excess is lifted off by immersion in acetone. Our
desired contact metal is Au which is evaporated onto a thin barrier metal. We have been using
Ti as the barrier metal to prevent diffusion of the Au into the AlGaAs where it would form
mid-gap recombination centers.

Ideally, the contacts need to be low in contact resistance, and also low in finger resistance.
By evaporating 100 Angstroms (&) of Ti and 1000 & of Au, we obtain contact resistances as low
as 3.0 x 107> ohm-cm?, We realized that our finger resistance would be too high and calculate
that using 10,000 A of gold will yield finger resistances low enough to contribute no more than
approximately a 0.3% loss in overall cell efficiency. However, we believe that 10,000 & of Au
will be too thick to lift off. 5000 & will yield an efficiency loss of no more than 0.6%. By
increasing resist exposure time, and with the help of the chlorobenzene soak, the 5000 A of gold
lifts off without difficulty.

Originally, we used a 30 second anneal at 400°C to improve contact resistance. This
anneal usually decreased the contact resistance by an order of magnitude. We found, however,
that the improvement in contact resistivity was less pronounced in the case of annealing the
thicker (5000 &) metal. One solution was to increase the anneal temperature, But the 100 & of
Ti might no longer act as a barrier, and so there might be spiking (and diffusion) of the Au into
the material. When annealing above 400°C, we observed an increase in contact resistance, and
in shunt current leakage. Presently, we are experimenting with thicker Ti layers in order to
allow an increase in the anneal temperature. In addition, we will attempt to increase the
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thickness of the Au t0o, subject to the Limitation of the resist lift-off step. All of these measures
will further reduce serles resistance. '

At this point we do some contact resistance measurements to see if the contacts are linear
and low in resistance, The measurements are made using the sarne test setup as described
below under "Dark I-V Measurements", Our cell masks include a variable-gap, transmission-
line structure [4], which provides a convenient means for characterizing contact resistivity, as
well as for checking contact linearity.

3.1.2 Mesa Definition

The current of the solar cell as well as the test devices, must be confined to the area of the
device. A light field mask is used to define the so-called mesa patterns. Once again the run
sheet supplies the steps used in this fabrication step. The etch rate has been found to be tem-
perature dependent (quite possibly an Arrhenius relationship, although this has not been
quantified), and is material dependent. If the solution is used within an hour of mixing, this etch
rate is reasonably predictable (otherwise the solution becomes weak, possibly due to peroxide
breakdown). Using a conservative estimate for the etch rate, a short etoh is performed. Etch
rates are computed after determining the mesa height using a Tencor Alpha-Step profilometer.
The wafers are etched down to the middle of the base or beyond. This provides isolation from
the other devices.

3.1.3 CapEtch

The highly-doped, GaAs contacting layer or cap layer of the solar cell material is added at
the end of film growth to protect the thin window layer of AlggGag,As from reaction and oxi-
datlon with the surrounding air, and to ensure better ohmic contacts. The cap material is GaAs,
about 500-1000 Angswoms thick. The GaAs cap is removed using a highly selective citric
acid/hydrogen peroxide etch [5,6]. At high citric acid/H, Q4 ratios (i.e. 5-10:1) GaAs will etch
2-3 orders of magnitude faster than certain mole fractions of AlGaAs. Although it has not been
quantified, observation has shown no noticeable removal of the AlggGag;As window layer.

Removal of the cap layer begins with determining the desired etch rate. The ratio of
chemicals is chosen so that the etch rate is fast, but that the selectivity is high so that previously
exposed AlGaAs around the mesa etches very little. The optical properties of GaAs and

. AlGaAs aid in determining the end of the etch. The GaAs undergoes color changes throughout

the etch (mostly shades of purple). It is often easy to see the termination of the etch. The
exposed AlggGag o As surface is darker than bare GaAs, flagging the total removal of the GaAs.

Further observations were made and noted about the citric acid/H,0; etch. When the ini-
tial DI/citric acid solution is mixed, the reaction is endothermic. The DI/citric acid mixture is 1
ml : 1 g. Therefore, much heat is required to dissolve the citric acid reagent. The solution will
appear to saturate, but patient magnetic stirring will dissolve all of the reagent. After this solu-
tion is mixed, the chosen volume of HyO, is'added. More stitring should follow. In addition,
the etchant should be warmed to room temperature or a bit above. The heating of the etchant
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increases the etch rate, but the rate can still be properly monitored and controlled. The etch is
somewhat non-uniform. It is not clear if this is due to growth defects or innate inhomogeneities
in the etchant. But the etch becomes somewhat more uniform when the solution is heated. The
window layer is still not noticeably etched when the etchant is heated.

3.1.4 Antireflection Coating
The final step in processing of the solar cell is the addition of the anti-reflection (AR) coat-
ing. The main purpose of the coating is to suppress reflection of the incident sunlight. The
coating also protects the window layer, which oxidizes quickly with exposure to air.
Our AR coatings are evaporated using a Varian "S-gun" sputter-coating system which has

‘been converted into « .hermal evaporator. The source materials are MgF; and ZnS, and are

loaded into a Mo boat and a Ta "SiO furnace", respectively. The SiO furnace is used for the
ZnS because of difficulty in obtaining acceptable evaporation performance using a conventional
boat [7]. The sources are located on and electrically fed through the former S-gun target plat-
form, near the bottom center of the chamber.

An aluminum sample holder was fabricated to replace the 3" wafer planets that came with

- the system. The holder was designed to incorporate the Inficon crystal thickness monitor head,

which is also used to maintain the sample holder below ambient temperature by way of the
crystal monitor’s cooling water lines. This is believed to be important in maintaining a con-
sistent and usable sticking coefficient for the ZnS evaporation [7,8]). The holder is large enough
to hold several samples which face the sources directly and are the same distance from the
sources as is the monitor crystal. Tungsten clips retain the samples in this upside-down
configuration, near the center of the chamber.

The system is diffusion-pumped, with a large mechanical backing and roughing pump. A
LN, cryotrap is located between the diffusion pump and the chamber, as well. Base pressure of
the system with sources loaded and cool is approximately 1.0 x 107 Torr in the chamber, and
3.0 x 108 Torr below the gate valve.

The two-layer AR coating was chosen after Yoshikawa and Kasai [9]. Target film
thicknesses are 570 A for the ZnS layer, and 1000 & for the MgF,. Test evaporations have
demonstrated excellent agreement between the thicknesses of deposited films (measured by
profilometry) and those indicated by the Inficon XMS-1 film thickness monitor.

3.2 Characterization

3.2.1 Dark I.V Measurement
Electro-optical characterizations occur both during and after processing. Once the mesa-
definition etch has been successfully performed, a dark I-V measurement can be made. We per-
form this measurement using a Micromanipulator probing station and an HP 4145B Semicon-
ductor Parameter Analyzer. An example of the resulting data from such a measurement is
shown in Fig. 3.1,
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Figure 3.1. Dark IV Measurement for Alg .z, Gag 73 As solar cell.
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‘These data are necessary for evaluating the performance of the solar cell and for character-
ization of the material and the junction. In addition, this same measurement setup is useful in
determining the quality and resistance of our ohmic contacts, and the degree of isolation

, afforded by the mesa etch.

Difficulties with inconsistent probing resistances required a change to a four-probe I-V
technique. At first, our measurements were made using two probes, one contacting the probe
pad on the device front, and the other contacting the indium upon which the substrate is
mounted. Using four probes proved a satisfactory solution for eliminating probe resistance
from the measurements. ,

The I-V data points are taken approximately every 10 mV, and the upper voltage limit is
chosen such that the estimated one-sun cell short-circuit current, Isc is exceeded. The dark I-V
data are necessary for projecting cell efficiency after quantum efficiency measurements are
made. »
Separate perimeter over area (P/A) analyses can also be performed to separate perimeter
and bulk components of the dark current [10]. We have not yet been concerned with these
measurements, but expect them to be important in loss analysis. We will use them for further
cell characterization as well as determinants for mesa heights and perimeter exposure.

3.2.2 Quanium Efficiency Measurement
Internal quantum efficiency is a measure of the ability of a solar cell to collect electron-
hole pairs generated by monochromatic light. The results, presented as a function of
wavelength, are crucial to projecting cell efficiency and also allow extraction of material and
interface parameters. A block diagram of our optical setup for measuring internal quantum
efficiency is shown in Fig. 3.2,

Legend for Fig. 3.2:

A: 1000 Watt Halogen Lamp with enclosure

S,F.LI:  Oriel 77260 lens-filter-shutter assy., with adjustable iris
F1: Front surface curved mirror, Rc = 1.0 m

F2: Front surface curved mirror, Rc =0.6 m

D: Newport Research 818-SL silicon photodetector

DS: Oriel 7070 Detection system

SL: - input and output monochromator slits, 0.3 cm

M: Orien 77250 Monochromator, with 1200 lines/mm

grating and 78200 Drive unit

After the cap has been successfully etched from the cell, a quantum efficiency measure-
ment is initiated promptly, to avoid possible window degradation from atmospheric oxidation.
The sample is illuminated by wavelengths ranging from 400 nm to 1000 nm in 10 nm steps, and
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Figure 3.2. Quantum Efficiency Measurement System
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the cell current is recorded from the detection system readout. Device reflectivity is similarly
recorded for the same wavelengths. Finally, the sample is replaced in the setup by the detector,
and the wavelengths are again scanned to obtain the incident photon intensity. These three sets
of readings are then input to a program designed to plot the cell’s external and internal quantum
efficiency and reflectance vs. wavelength

The QE measurement is used during processing to check the quality of the material. One
mesa-isolated device is chosen and the GaAs cap layer removed. Thereafter, if the cell perfor-
mance, as indicated by a good IQE plot, appears promising, the cap layer on the remmnder of
the sample is etched away, and an AR coating is promptly deposited.

A representative quantum efficiency plot is shown in Fig. 3.3, for a cell that was fabricated
on a Aly5GaggAs MBE-grown film. This cell did undergo the cap etch, but no AR coating was
applied.

3.2.3 Efficiency Projection and Computer Simulation

Although we cannot measure the efficiency of a solar cell directly, electro-optic characteri-
zation yields information about the film quality (diffusion lengths and interface recombination
velocities), and allows us to project the expected efficiency of the processed solar cell. The
measured IQE can be used to extract the emitter and base diffusion lengths (L. and Ly, respec-
tively) and interface recombination velocities (S, and Sy, respectively). This information is
vital to critically analyze the design of a solar cell toward improving its efficiency. Diffusion
lengths and interface recombination velocities are found by performing a theoretical fit to the
IQE using the equations of Hovel and Woodall [11] modified for a finite base length. Fig. 3.4 is
an example of IQE data for a GaAs solar cell [12] and the theoretical fit to that data which
yields the diode parameters listed. Values of S, and L, are not unique (nor are Sy, and Ly), but
upper limits on S and lower limits on L are found.

The measured IQE can also be integrated over the appropriate solar spectrum to compute
the expected short-circuit current, J;;. From this, the maximum power point is determined by
superposing Jg; with the measured dark IV by finding the voltage at which the I-V product in
Eq. 1 reaches its maximum.

P=Vimlied X (Alse ~ Igark) 0

Here, P is the power delivered by the solar cell, A is the area of the cell, Vypyiieq is the applied
voltage and Iy, is the dark current, In order for superposmon to work, we must either know
the series resistance or we must only apply superposition in regions where series resistance
negligibly affects the dark IV data. One can only find the V. or the fill factor (FF) by superpo-
sition if one knows the value of the series resistance. |

As an example of how we project cell efficiency, we analyze our record efficiency
Alg22Gag 73As solar cell [1]. Table 1 lists the cell parameters as determined by experiment and
by our simulations. The excellent agreement shows that our models sufficiently describe the
solar cell performance to be accurate measures of expected efficiency.
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Figure 3.3. Quantum efficiency measurement plot for Alp22Gag 73 As solar cell
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Alg22Gag 78 As Solar Cell Parameters

~e- Measured Projected
Voo 1.22 Volts 1.21 Volts
Jo | 163 mA/cm® | 16.1 mA/cm?
FF 81% 80%

Eff 16.1% 15.6%

Table 1.1 Comparison of measured solar cell parameters and those projected using internal
quantum efficiency and dark IV data.
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Appendix 1
AlGaAs Solar Cell Run Sheet
June 1991

. Mounting Steps S

Wear a respirator mask in addition to normal protactive wear (whenever cleaving any

- 'GaAs)

Cleave the necessary sample size using a razor blade.

Heat a Si wafer and In pellets on a hot plate until In melts. The setting is about half-
way on most hot plates. Do not use a high heat setting for the In will oxxdize

Use a razor blade to spread the In.

Place the sample onto the In. Move the sample around to insure that the In is in con-
tact with the back of the sample.

Remove the mounted sample and allow to cool.

. Metal Mask steps

Wafer clean
a. 5 minutes ACE
b. 5 minutes TCA -
¢. 5 minutes METH
d. DlIrinse and blow dry with Ny

(Remember, never let anything dry on GaAs. Always blow dry!)
Hardbake at 120°C for 15 minutes.
Spin wafer at 3500 RPM for 40 seconds and blow with Ny to remove stray dust parti-
cles.
Spin on AZ1350]-SF photoresist at 3500 RPM for 40 seconds. (The resist thickness i is
about 2 microns). Using of a 1 micron filter is recommended.
Softbake at 85°C for 15 minutes (the temperature and time are critical for the lift-off
process.)
Expose dark field metal mask. For desired thicknesses of up to 5000 Angstroms use
7.5 seconds -of the Suss mask aligner. For thxcknesses of 5000-10000 Angstroms use
10 seconds. (Constant intensity setting, 23.0 mw/cm?.)
Soak in chlorobenzene. For up to 5000 Angstrom metal thicknesses, soak for 15
minutes. For up to 10000 Angstroms use a 17 minute soak. Blow dry with N, but do
not use a DI rinse.
Develop photoresist in AZ351 developer and DI (1:5) until contacts clear. Use a
microscope to determine when the contacts are clear. It generally takes 30 to 60
seconds. Use iterations.
DO NOT do a hardbake.

. Metal Evaporation and Lift-Off

Remove native oxide in [1:5 NH;OH:DI] for 1 minute. Rinse with DI and blow dry
with N2
Load into Varian e-beam and pump down to at most 3x107% Torr.

- Follow e-beam write-up to evaporate desired metal. Generally, 500 Angstroms of Ti is

evaporated for a barrier layer. Au thicknesses are chosen to minimize resistance.
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Lift-off excess metal in ACE. Use a ACE filled squirt bottle to encourage process.
Rinse in METH then D1, Blow dry with Nj.

Inspect using a microscope to insure metal between cell fingers and test structures is
removed. Use iterations to remove excess.

Use a rapid thcrmal anneal to create better ohmic contacts Use 400°C for 30 seconds.

. Mcsa Mask Steps

Wafer clean

a. 5 minutes ACE

b. 5 minutes TCA

¢. 5 minutes METH

d. DIrinse and blow dry with N,

Hardbake at 120°C for 15 minutes.

Spin wafer at 3500 RPM for 40 seconds and blow with N3 to remove stray dust parti-

" cles.

Spin on AZ1350-SF photoresist at 3500 RPM for 40 seconds. (The resist thickness is
about 2 microns). Use of a 1 micron filter is recommended.

Softbake at 85°C for 15 minutes.

Align and expose light field meas mask. Use constant intensity exposure for 7.5
seconds on the Suss.

Develop photoresist in AZ351 developer and DI (1:5) until contacts clear. Use a

microscope to determine when the resist is clear. Make sure mesas completely cover
the metal. It generally takes 30 to 60 seconds. Use iterations.

Hardbake at 120°C for 15 minutes.

Etch Mesas using DI, methanol, H3 POy, and H,O, (1:1:1:1). Wait 20 minutes before
Etching, to allow the solution to cool. Etch rate is about 2 microns/minute, Etch 30
seconds first.

Use Tencor Alpha step to determine mesa height. (Assume a 2 micron resist thxck

ness). The mesa needs to be etched to the junction into the base region or even beyond
to ensure carrier isolation, Calculate etch rate.

Etch again if necessary. Recalculate etch rate.

Remove photoresist with a 5 minute ACE bath.

Rinse in METH, then DI. Blow dry with Nj.

. Dark I-V measurements

Use the HP 4145 and micromanipulator probe station (or equivalent) to detemine dark
I-V characteristics, Remember to use low resistance probes, or four probes, for solar
cells!

. Cap Etch

Use AlGaAs/GaAs selective stchant to etch off cap layer. Mix 1 citric acid (by mass):
1 DI (by volume). Use magnetic stirrer to dissolve all citric acid. Warm solution to
room temperature or above using a hot plate (the reaction is endothermic).

Mix 8 Citric acid/DI : 1 HyO, and stir.

Etch rate is about 0.2 microns/min. Etch time depends on thickness of cap. The opti-
cal properties of GaAs/AlGaAs can be used to determine the etch’s end. The surface
will turn purple to green then almost black. The black surface means that the etch has
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reached the window layer. Cease etching!
Rinse in DI and blow dry with Nj.

G. Anti~Reﬂection Coating

Load sample onto holder and mount holder onto the crystal monitor head.
Close system; initiate pumpdown. Verify correct crystal monitor operation, and check

density setting for ZnS.

‘With system pressure in low 1077 range, evaporate ZnS slowly until monitor reads 570

Angstroms.
Reset crystal monitor, a.nd resut density for MgF,. Evaporate MgF;, until it reads 1000

A
Allow system to cool for 15 minutes, then bring to air and unload sample,

H. Quantum Efficiency Measurements

-

Perform QE measurements on the Oriel system.
Use dark IV data and QE data as input to efficiency analysis programs. Produce esti-

mates of I, Voo, fill factor, and efficiency.
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