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Abstract

Thermophotovoltaic (TPV) devices have been fabricated using epi-
taxial ternary and quaternary layers grown on GaSb substrates. GalnSb
ternary devices were grown by metalorganic vapor phase epitaxy (MOVPE)
with buffer layers to accommodate the lattice mismatch, and GalnAsSb
lattice-matched quaternaries were grown by MOVPE and by liquid
phase epitaxy (LPE). Improved devices are obtained when optical
absorption occurs in the p-layer due to the longer minority carrier
diffusion length. Thick emitter p/n devices are limited by surface re-
combination, with highest quantum efficiency and lowest dark current
being achieved with epitaxially grown surface passivation layers on
lattice-matched MOVPE quaternaries. Thin emitter/thick base n/p
devices are very promising, but require improved shallow high-quality
n-type ohmic contacts.

1 Introduction

Thermophotovoltaic (TPV) devices are being explored for a variety of terres-
trial and space applications [1-4]. The systems approach has been to use sil-
icon devices matched to selective emitters or design low-band gap compound
semiconductor cells matched to blackbody emitters. This paper presents re-
sults of epitaxial devices on GaSb substrates for TPV applications requiring
band gap energies near 0.55 eV, focusing on electrical parameters achieved
with different epitaxial growth techniques and alternative device structures.
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2 Device Structures and Epitaxial Techniques

In order to maximize both the efficiency and the power density of TPV de-
vices, we examined device structures which minimize saturation current den-
sity, allowing devices to be operated at high forward bias without significant
dark current loss, while maintaining high collection efficiency of photogener-
ated carriers. The material properties required to achieve these device goals
are maximum minority carrier diffusion length, minimum minority carrier
recombination at device surfaces, and optimum device doping profiles. The
generic device structure is shown in figure 1, with the key parameters of 9
device types presented in table 1.

In order to achieve the required characteristics, we considered four dif-
ferent device structures. The first structure consists of a thin p-type emitter
and a thick n-type base (device type 1). The majority of the photon absorp-
tion occurs in the n-type base; therefore, the hole diffusion length in the base
and the base back surface recombination velocity are of critical importance.
The high doping required to minimize series resistance, along with the close
proximity of the front surface, produces high minority carrier losses, and the
efficiency associated with the emitter is low. In our experience, obtaining a
suitably large minority carrier diffusion length in the n-type base has been
a problem due to: (1) the relatively low hole mobility in this region, (2) the
potential for deep level defects associated with the Te dopant [5], and (3)
higher Auger recombination rates in n-type material [6].

The second device structure, considered in-depth, is the thick p-emitter,
thin n-base configuration (device types 2-8). Here all of the absorption takes
place in the emitter, so the minority carrier properties of the base are impor-
tant only for reducing the dark current. The large width of the emitter allows
a reasonably low doping without introducing excessive series resistance, and
the large minority electron mobility in the absorption region is an advantage.
The principal disadvantage is that most of the absorption takes place close to
the device front surface. Unless the front surface is a very good minority car-
rier mirror, surface losses will dominate. In order to achieve a better minority
carrier mirror, several surface passivations have been attempted by growing
epitaxial layers of larger bandgap on the front surface (device types 5-8).

The third device structure is the thin n-emitter, thick p-base configuration
(device type 9). Here, losses due to absorption in the heavily doped, surface
n-emitter will still be present, but the emitter can be shallower and/or less
heavily doped due to the higher mobility of the majority electrons in the




lateral current flow to the front contact. In the p-type base, efficient minority
carrier transport to the collection junction can occur without the losses due
to a poor surface. The principal disadvantage of this device design is the
difficulty associated with contacting a thin n-type layer. The anneal required
for ohmic contacts to n-type material generally produces a reaction which
extends through the emitter and short circuits the device junction.

The fourth device structure, described for completeness, is the thick n-
emitter, thin p-base arrangement. The thicker emitter can help alleviate some
of the front contact difficulties, but at the expense of introducing a large n-
type absorbing region, which is inefficient due to both the low minority carrier
diffusion length and the poor front surface.

The ternary (Ing;GaggSb) device layers (device types 1,2,6,8,9) were
grown by metalorganic vapor phase epitaxy (MOVPE) on (100) oriented
GaSb substrates in a low pressure, rf-heated, horizontal MOVPE reactor [2].
Trimethylgallium, trimethylindium, trimethylantimony, silane, and diethyl-
tellurium were used as the Ga, In, Sb, Si, and Te sources, respectively. After
degreasing the wafers in organic solvents, the GaSb wafers were etched in a
1% bromine-methanol solution for 30 seconds immediately prior to loading
in the growth chamber. An initial layer of heavily doped n-type GaSb was
grown on the substrate surface to a thickness of approximately 300nm, and
then the group III composition was stepped to 20% indium over the course
of approximately a micron of growth. Base and emitter layers of Gag glng 2Sb
were grown with varying thicknesses and dopings. The growth temperature
was in the range from 580°C to 600°C, with resultant growth rates of 1.8 to
2.4pm/hr.

The quaternary (GaggrIng13As0.125bo gs) device layers (device types 3,5,7)
were grown by MOVPE on (100) Te-doped GaSb substrates misoriented 6°
toward (111)B [3]. A vertical rotating-disk reactor with H, carrier gas at a
flow rate of 10 slpm and a pressure of 150 Torr was used. Organometallic
sources included trimethylindium, triethylgallium, tertiarybutylarsine, and
trimethylantimony, and n and p dopant sources were diethyltellurium (50
ppm in H;) and dimethylzinc (1000ppm in Hj), respectively. The growth
temperature ranged from 525°C to 575°C, and the growth rate was approxi-
mately 2.7 pm/hr.

The quaternary Ga,_4In,As,Sb;_, epitaxial device layers (device type 4)
were grown by liquid phase epitaxy (LPE) lattice matched to nominal (100)
Te-doped GaSb substrates. A conventional horizontal graphite source-seed
sliding boat in a Pd-diffused hydrogen atmosphere was used. Following
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preparation of the constituent components and substrate cleaning, the so-
lution was remelted at 560°C for 1 hour followed by a slow temperature
ramp to the liquidus temperature of 532°C. A growth temperature of 530°C
(2°C supersaturation) was chosen to avoid homogeneous nucleation, with a
resulting growth rate of approximately 0.5um/min. Layers were shiny and
reflective with small solution puddles.

3 Device Fabrication Techniques

In order to produce TPV devices, conventional semiconductor processing
techniques were employed. Initially, the samples were cleaned using acetone,
methanol, and isopropanol to remove organic contaminants, followed by a
brief immersion in 20:1 hydroflouric acid to remove surface oxide. Immedi-
ately following the HF immersion, the samples were placed under vacuum and
a blanket contact metal was applied to the sample back surface by e-beam
evaporation. Devices with n-type substrates underwent an anneal after back
contact formation. Next photoresist was applied to the front of the sample
and patterned using a complex liftoff process described elsewhere [4]. Af-
ter the photoresist was developed (exposing the areas to be contacted) the
samples were cleaned with a 20:1 HF immersion and placed immediately
under vacuum. The front grid metal was deposited by e-beam evaporation,
followed by completion of the liftoff process. The devices then underwent an-
other photolithography process to isolate the nominally 1 cm? cells; the active
areas were protected with a thin layer of photoresist and the emitter epilayers
outside the active region were etched away in an HCI : H,O, : NaK Tartrate
solution (66mL:18mL:24g in 1L of solution).

For p-type contacts, 200nm of gold were deposited and then capped with
1 to 2 microns of silver. The gold layer was chosen to produce a good inter-
face while the silver layer provided low resistivity bulk and a good surface for
probing. No contact anneal was required for p-type contacts, as the Fermi
level is pinned near the valence band of these semiconductors, regardless
of the work function of the contact metal [7], so that contacts to p-type
materials are generally ohmic as deposited and produce specific contact re-
sistances between 10~* and 1075 Qcm? as measured by the method of Cox
and Strack [8,9]. While lower specific contact resistances have been obtained
with other surface cleans and post-deposition anneals [10], 107* Qcm? has
only a minor effect on contact grid design.




For n-type contacts to bulk materials, an evaporation of 10nm tin followed
by 200nm of gold was employed [11], with the unalloyed contact being non-
ohmic. The devices were alloyed at 350°C for 5 seconds, with a resultant
specific contact resistance between 107 and 107° Qcm?.

The contacting method used for bulk n-type layers has not been successful
for shallow n-type contacts. During the anneal, a reaction occurs between
the gold, tin, and semiconductor. The gold surface turns silvery gray during
the anneal. Electrically, p-n diodes with thin n-type emitters contacted with
the bulk-n metallization become short circuits during the anneal. Physically,
a reaction occurs between the metals and the semiconductor material so that
all of the n-type layer is consumed in some places, and the metal contacts
the p-type layer below.

A nonshorting contact to a thin n-type emitter requires a reduced reac-
tion between the metal and the semiconductor. A titanium layer at least
50nm thick inhibits such a reaction, so that other metals can be deposited
subsequently without affecting the titanium semiconductor junction. Initial
results with a structure of 10 nm of tin followed by 150nm of titanium, 50nm
of gold, and 1 — 2 ym of silver annealed at 350°C for 5s produced functional
but leaky devices.

4 Characterization Techniques

In order to determine the underlying physics of the semiconductor junctions,
I-V and quantum efficiency characteristics were measured. Due to the high
current, low voltage nature of thermophotovoltaic devices, Kelvin contacting
methods were used for both front and rear contacts.

Room temperature dark I-V measurements taken in both the forward
and reverse directions agreed with the expected device behavior using the
following relationship:

I=1,- [exp (2@1#) - 1] +V__R_i_'ﬂ (1)

where I represents device current, I; represents saturation current, V rep-
resents the applied voltage, n is an ideality factor that is expected to be
between 1 and 2 for various regions of device operation, R, is the series
resistance, R, is the shunt resistance, and kT is the thermal energy.




In addition, devices were also measured under high illumination condi-
tions. The simplest model of a TPV device under optical illumination is
described by equation (1) with R, = 0, R, infinite, and a current source
corresponding to carrier generation in parallel with the entire device, leading
to the device model:

I=1. [e:tp (%) —1] -1 (2)

where I, is the magnitude of the light generation current. A more intricate
model with parasitic resistances is more complicated, but this simple model
is usually adequate.

Quantum efficiency measurements differ from illuminated measurements
under TPV conditions in three principal respects. First, quantum efficiency
measurements occur under monochromatic illumination, with the photore-
sponse of the test junction measured at one particular wavelength. Second,
standard quantum efficiency measurements occur at much lower levels of il-
lumination than TPV operating conditions. Third, quantum efficiency mea-
surements are not taken with the device biased at the maximum power point
of its I-V characteristic or along a range of bias points, but only at the zero
voltage (short circuit) bias point.

Since the material absorption coefficient of GaSb is known reasonably well
as a function of wavelength [12,13] and the absorption coefficients of related
ternaries and quarternaries can be estimated with reasonable accuracy [14];
a theoretical quantum efficiency curve can be simulated for a device with
known emitter and base thicknesses and assumed minority carrier diffusion
lengths and surface recombination velocities. The theoretical curve can be
compared to the empirical curve, and the unknown parameters (diffusion
lengths and surface recombination velocities) can be adjusted to produce a
fit. The curve fit obtained is generally unique and a reasonable value of the
unknown parameters can be extracted (or in some cases a lower or upper
bound).

5 Results and Discussion

This study focused on thick p-emitter thin n-base structures, unlike earlier
generations of devices described previously [4]. For these structures, we fab-
ricated devices on three different families of epitaxial material described in
section 2.




Figures 2, 3, and 4 illustrate external quantum efficiencies of device
types 2, 3, and 4 respectively — some of the best unpassivated devices of
each family. In figures 2 and 3 the experimental curves are presented along
with theoretical curves fit to the data. Diffusion lengths and surface recombi-
nation velocities can be deduced from these fits, although obtaining unique
parameter values may not be possible in all cases. For example, figure 2
presents a device with a very lossy emitter. Although the slope of the curve
allows us to state that most of the loss is at the front surface of the emit-
ter, a finite bulk recombination component could be present but masked by
the large surface loss. We present a lower bound for the corresponding bulk
diffusion length.

Comparing figures 2, 3, and 4, in each case the efficiency peaks near
2150 nm, decreasing rapidly at longer wavelengths and more gradually at
shorter wavelengths. The lack of collection at longer wavelengths indicates
that all three devices have a bandgap of approximately 0.57e¢V, while the
slower but still pronounced decrease at shorter wavelengths is indicative of a
poor front surface. Since shorter wavelength photons have higher absorption
coefficients, they are absorbed more predominantly near the front surface,
and the poor surface reduces collection efficiency. Note that the quantum
efficiencies for all three devices are nearly identical.

Figure 5 illustrates quantum efliciencies for devices identical in all re-
spects to those of figure 3 except that (1) in device type 5, the emitter has
been capped with a GaSb window and (2) in device type 7, the emitter
has been capped with a quaternary AlGaAsSb window as well as a GaSb
window. In both cases, the addition of an effective minority carrier mirror
results in a considerable improvement in external quantum efficiency, with
the characteristics peaking at 40 to 45 percent and remaining more constant
from 1200nm to 2100nm. Also shown in figure 5 is the quantum efficiency
of a ternary epilayer device with a highly doped ternary epilayer window
layer (device type 8). While there is some modest improvement in the device
characteristic, a dramatic improvement in quantum efficiency that occurred
for the quaternary is not obtained. However, the dark current density for
this device has been reduced significantly (as discussed subsequently).

While the quantum efficiency curves illustrate the relative collection ef-
ficiencies of the devices at various wavelengths, they fail to provide infor-
mation concerning device performance under realistic high-intensity illumi-
nation. Figure 6 displays short circuit current density versus open circuit
voltage for several p-emitter devices. Improvements in minority carrier diffu-
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sion length will move a device curve toward the right, achieving a higher open
circuit voltage for a given short circuit current and higher overall device effi-
ciency. Curves A and B are an initial thick p-emitter ternary epilayer device
(device type 8) and a quaternary with excellent surface passivation (device
type 7), respectively. For this high optical intensity characterization, these
two samples are the worst and best cases respectively; they also comprise a
convenient baseline to which to compare other devices. The dark saturation
current density for the baseline curves, ranging from a high of 0.1 mA/em?
to a low of 0.005mA/cm? are included in figure 6. The remaining curves of
figure 6 trace the recent history of device development for the thick p-emitter
family of devices.

Figure 7 represents the best device in the thin p-emitter thick base family
(device type 1). The shape of the quantum efficiency curve is much different
from the unpassivated thick-p emitter curves, peaking at a higher value and at
shorter wavelengths. The peak value is still lower than those of the passivated
curves of figure 5. Additionally, note that the efficiencies of the passivated
curves fall off less in the near-bandgap region.

Figure 8 is a quantum efficiency measurement of the best example of de-
vice type 9. The emitter thickness of 0.9 um is larger than desired in order to
allow processing of the front contact without damaging the junction. Figure 9
indicates that the high current illuminated characteristics of this device are
quite good; this unpassivated ternary device with lattice mismatched active
layers is approaching the performance of quaternary devices with AlGaAsSb
passivation layers and a completely lattice-matched structure.

6 Summary

The two most promising device structure for antimonide-based TPV devices
are either thick p-emitter, n-base devices with well passivated front surfaces
(minority carrier mirrors to reduce the effective surface recombination ve-
locity) or thin n-emitter, thick p-base devices with non-shorting ohmic con-
tacts. For quaternary epitaxial layers lattice-matched to GaSb substrates,
the former structure is presently preferred as lattice-matched capping layers
of AlGaAsSb can be readily grown. For ternary epitaxial layers, effective
capping with epitaxial layers has not been developed, and the thin n-emitter
thick p-base structure is preferred (even though shallow ohmic contacts are
not fully developed). Optical absorption in p-type layers is strongly preferred




because of the longer electron diffusion length in these materials.

Two key performance metrics have been used in this work, namely quan-
tum efficiency and dark (saturation) current. Both high quantum efficiency
and low dark current are needed to achieve maximum TPV device perfor-
mance (i.e., high electrical power density and high optical-to-electrical con-
version efficiency). The quantum efficiency combined with a curve of short-
circuit current versus open-circuit voltage (obtained with different optical
intensities) provides the relevant information for TPV cells.

These antimonide TPV cell technologies should provide power densities
in the watt/cm? range with reasonable conversion efficiency and be attractive
for TPV system applications.
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Focus of Program

Fabricate and evaluate alternative epitaxial device structures for
antimonide-based TPV cells with E, = 0.55 eV;

Delineate advantages and disadvantages of alternative structures
to guide further device research;

Delineate unit process research needs to enable further
development of high-performance low-cost TPV cells.
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active
layers
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emitter
type
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thick p
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thick p
thick p
thick p
thick p

thick p
thick p

n

emitter

base

thickness thickness
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1um
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growth
technique
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Thick P-Emitter Ternary Device, No Passivation (device type 2)
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Thick P-Emitter Quaternary Device, No Passivation (device type 3)
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Thick P-Emitter Quaternary Device, No Passivation (device type 4)
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Generic TPV Device Structure
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External Quantum Efficiency of Passivated Devices
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Thin P-Emitter Ternary Device, No Passivation (device type 1)
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N-Emitter Device, No Passivation (device type 10)
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N-Emitter Device, No Passivation (device type 10)
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Summary and Conclusions

Optical absorption in p-layer needed for large minority
carrier diffusion length;

Thick p-emitter junctions require low surface recombination
velocity for high quantum efficiency;

Reduced dark current density necesssary for high
performance TPV devices;

Lattice-mismatched ternaries appear capable of comparable
performance to lattice-matched quaternaries with
comparable surface passivation;

Thin-emitter thick-base n/p devices are promising, with
high-quality shallow n-type ohmic contacts necessary.




a2z
LA A
s
AT et = AR R
! » (AR AR R A LA R L L LA
) X - PELIIIRI PP IIILR I
Q X - Yy,
- o 7’ CLAA
o e soasetsss Q)
) 2eezeoeeier o
Yy
Q brrrrreerese
- P LR LA D
& ] AEIRLEEP 22T
b AP PRL LI ET S re
’,
porzarratszs (OO0
e v
o=
- Loszarireons e,
I’/IIIII$$$ 5
‘0%
”
$ - ’
4 N
o s’ o
R 2

LLELE
rE L
LA

g 95(2°'0)uI(90)ed

Tur

227,199 .. pedop a] adA)-u sioheT ds

2. 194 . pedop o] edAl-u oledisgns qgen

R R RIS

}: ! éé . peaéﬁ ) _L\édm-u ased g

L1%6 . padop 15 odfy-d 10m

s
L
(AR

1 adAL 9ad1naQ



Device Type 2
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Device Type 5
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Device Type 7
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