Development of a Quantum Dot, 0.6 eV InGaAs Ther mophotovoltaic (TPV) Converter”

David Forbe§ Samar SinhardyRyne Raffaelle Victor Weizet, Natalie Homanh Thomas Valkd
Nichole Barto$, David Scheimah and Sheila Bailely

'Essential Research Incorporated, Cleveland, OH
“Rochester Institute of Technology, Rochester, NY
3NASA Glenn Research Center, Cleveland, OH
“Ohio Aerospace Institute, Cleveland, OH

Abstract

Thermophotovoltaic (TPV) power conversion has teed#emonstrated conversion efficiencies
exceeding 20% when coupled to a heat source. Qutldn semiconductor TPV technology makes use
of planar devices with bandgaps tailored to the kearce. The efficiency can be improved further by
increasing the collection efficiency through thedrporation of InAs quantum dots. The use of these
dots can provide sub-gap absorption and thus ingptieg cell short circuit current without the normal
increase in dark current associated with loweriregiandgap.

We have developed self-assembled InAs quantum ukityy the Stranski-Krastanov growth
mode on 0.74 eV hyfGaAs lattice-matched to InP and also on latticeamished 0.6 eV hxdGaAs
grown on InP through the use of a compositionaligdgd InPAg buffer structure, by metalorganic
vapor phase epitaxy (MOVPE). Atomic force microsc¢pFM) measurements showed that the most
reproducible dot pattern was obtained with 5 moyesia of InAs grown at 450°C. The lattice mismatch
between InAs and ppdGaAs is only 2.1%, compared to 3.2% between InAd bgssGaAs. The
smaller mismatch results in lower strain, makingfdomation somewhat more complicated, resulting in
guantum dashes, rather than well defined quantuts olothe lattice-mismatched case. We have
fabricated 0.6 eV InGaAs planer TPV cells with avithout the quantum dashes

Introduction

NASA'’s deep space missions cannot effectively adilihe solar spectrum for power generation
using traditional photovoltaic arrays. Instead, Beneral Purpose Heat Source (GPHS) uses a
radioisotope to generate heat which is converteeldotricity using thermoelectric power conversion.
This power generation method, while reliable, islyombout 6.5-9.0% efficient. The use of
thermophotovoltaic (TPV) power conversion is anaative high-efficiency alternative.

Current TPV technology uses planar IlI-V semicondudevices with bandgaps that are tailored
to the temperature of the source. The infra-redggnemitted by the source is absorbed creating
electron-hole pairs within the space-charge regidrthe p-n junction. The built-in electric field
separates the carriers allowing them to performkvioran external circuit. For an 1808 blackbody
source, a 0.6eV bandgap material such gsfBaAs is used as the absorber.

The highest efficiency TPV device reported date is an InGaAs monolithic interconnected
module (MIM) using reflective spectral control, rsaeed in a thermophotovoltaic radiator/module
system (radiator, optical cavity, and TPV modulgsultsshowed that at a radiator and module
temperature of 1039°C and 25°C respectively, 23I@&¥mophotovoltaic radiator/module system radiant
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heat conversion efficiency and 0.79 Wfcmaximum TPV radiator/module system power densiyew
obtained. The addition of quantum dots is expettdddrther increase the efficiency of TPV devices.

The name quantum dot is derived from the fact thetthe size of a particle of bulk
semiconductor decreases to the nanometer lengld, $ica electronic properties of the semiconductor
change. Once the diameter becomes smaller thasutkexciton radius, the energy levels in the pbati
become quantized and the transitions are lockedspécific energy states, as opposed to the osdinar
band structure present in bulk semiconductors. Haemtum dot behaves essentially as a potential wel
for electrons trapped within it.€., the quantum mechanical “particle in a box”). ®reergy levels are
thus quantized and their energies are inverseataelto the size of the box. Therefore, the sizthef
particle will dictate the threshold energy thaniy absorb.

An intermediate band solar cell (IBSC) is a new tpholtaic device which relies upon the
presence of quantum dots embedded into an ordipany type solar cell to provide a theoretical
conversion efficiency which is much greater tharoaventional solar ceflTheoretical studies predict a
potential efficiency of 63.2% for a quantum dotaip-i-n structure solar cell, which is approximgtal
factor of 2 better than any state-of-the-art dewvailable today. Similar efficiency enhancements a
expected in the case of thermophotovoltaic celisuh the insertion of quantum dots in the p-i-n
structure.

The presence of an ordered array of semicondugtiagtum dots within the junction of the cell
results in the existence of an energy band or basitign what in an ordinary semiconductor consésut
its bandgap (see Figure 1). These so-called “mamidis” will allow for the collection of lower energy
(longer wavelength) photons that would normallyiteccessible to the cell. The key to this device is
that the low energy photons can be collected witliba normal voltage and efficiency degradation
associated with using an ordinary narrow bandgajceddor converting such photons. Therefore, it is
theoretically possible to develop a quantum dottjm that could be incorporated with current TPV
cell technology to provide additional conversiontire longer wavelength region of the blackbody
spectrum and dramatically improve the overall eéitiency.

Conduction Band
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Figure 1.—a) A schematic of an intermediate barmirttophotovoltaic cell and b) the energy band diagfar the
quantum dot-containing intrinsic region of tHevice.

Quantum dots (QD) can be formed by the Stranskstérsov growth method under modified
Metalorganic Vapor Phase Epitaxy (MOVPE) conditiofise dot formation is controlled primarily by
the strain between the dot and matrix material.il@quQD epitaxy the dot material initially wets the
surface while the strain energy builds. After atimgtlayer of at least one monolayer is deposited,
excess strain energy leads to discrete island twwmaather than uniform layer growth. Under
appropriate conditions the dot size can be comtmotb nanometer size dimensions leading to strong
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guantum confinement. The dot size and distributan be altered by several of the process variables:
growth temperature, gas chemistry, growth rate,sadequent annealing.

Quantum Dot Epitaxy

The materials in this study were grown in a hortabrreduced pressure, organometallic vapor
phase epitaxy (OMVPE) reactor. Trimethyl galliunM®a) and trimethyl indium (TMIn) were used as
precursor materials, along with phosphine {Rlrsine (AsH), and 1% AsHin hydrogen. Disilane and
dimethyl zinc were used as n- and p-dopants, résp8c The typical growth temperature was 675°C,
while QD deposition temperature was 400-480°C.gAdwth runs were performed at a pressure of 600
Torr. The InAs quantum dot morphology was charaoter by atomic force microscopy. The variables
investigated in this study are the substrate nategrowth temperature, and nominal thickness ef th
guantum dot.

The effect of strain on dot formation is clearhyosim in figure 2. The QD material is InAs but
the surface layer is GaAs, kiGaAs, and IpsdGaAs from left to right. This corresponds to strafrv.1,
3.2, and 2.1% respectively. As the strain decreades QD’s become more elongated until finally
evolving into quantum dashes on thggEaAs. The characteristic dot size also increasesefituced
strain. The dot diameters range from 25-75 nm oAdGand increase to 108-140 nm ons¥®aAs
lattice matched to InP. The dashes grown gr/BBAS have lengths in excess of lufd and widths
ranging from 180-220 nm.

erifg5. 003

Figure 2.—InAs QDs deposited on different substtaBaAs, Inys3 GaAs, and IpsfGaAsThe length scale is 2.5,
2.0, and 1.5m for each image left to right.

Figure 3 shows the effect of changing growth terapee for 2.5 monolayer (ML) InAs QD’s on
IngssGaAs. The temperature was 420, 450, and 480°CloMar growth temperatures and thin QD’s,
discrete dots are visible. As the growth tempeegaisiincreased, the dot morphology changes to dashe
This is likely due to increased surface mobilitytlbé indium bearing species at elevated temperature
Another experiment was performed by increasing @i2 thickness to 5.0 ML. In this case, all
temperatures exhibit dash formation as shown urégl. At elevated temperatures the spacing between
the dashes increases which also suggests increadade mobility relative to 420°C.
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Figure 3.—InAs QDs deposited om $gGaAs at 420, 450, and 480The length scale is 2.0, 5.0, and
for each image left to right.

Figure 4.—InAs QDs (5.0ML) deposited og d¢aAs at 420, 450, and 480The length scale is 5.0, 10.0, and
5.0 um for each image left to right.

Results and Discussion

0.6 eV TPV cells were grown by OMVPE on InP sulisgaising a modified structure used in
many laboratorie$>*° It consists of a 0.6 eV InGaAs cell grown on ttimismatched InGaAs using
our proprietary buffer structure. The QD active region was inskra the p-n junction within the
InGaAs cell. The QD period consists of an InAs @ielr followed by a 15 nm InGaAs cladding.

0.6 eV TPV cells were processed using standardoptimtgraphic techniques. AMO conversion
efficiencies were measured at 25 using a single source, Spectrolab X25 solar sitoul Spectral
response measurements were performed to determenexternal quantum efficiency (EQE) of the
cells. Four designs were tested: Baseline TPV wahQD’s, TPV with 5 periods of 5SML QD, 10
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periods of 5 ML QD, and 10 periods of 10ML QD. Tiesults are tabulated in Table 1. None of the
devices had anti-reflection coating.

QD Area | Isc | Voc |FF (%) Efficiency
Structure | (cm2)| (mA) | (mV) (%)
None 1.0 | 44.7]216.7| 495 3.5
5period | 1.0 | 32.7| 177.7 42.9 1.82
SML InAs
10 period| 1.0 | 25.3] 180.§ 25.4 0.85
SML InAs
10 period| 1.0 | 44.0] 163.§ 42.1 2.22
10ML InAs

Table 1.—Summary of results for 0.6eV TPV’s witth without QD’s.

In all cases the introduction of QD’s leads to grddation of cell efficiency. This is generally
manifest as a penalty in,yand L. Interestingly, the 10 period, 10ML device hadg@mapproaching the
baseline performance. This implies that the QD’stnave sufficient size inside a device structure.

Figure 5 shows typical I-V curves for the baseliaed 10-period, 10ML device. Isc is
comparable in both cases, with the QD device etihgpia lower Voc. In order to verify that the
cladding material is not contributing to the degt#mh a separate device was fabricated that cadain
only the InGaAs cladding material at the p-n jumctibut no QD’s. This device operated nearly
identically to the baseline structure indicatingttthe penalty in performance in these devicesiestd
the QD’s and not the cladding material.
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Figure 5.—I-V curves for 0.6eV TPV cells without Q&dt) and with 10 period, 10ML QD

Figure 6 shows the EQE spectra for the baseliné ad the 10 period, 10ML QD sample. If
QD’'s were indeed absorbing sub-bandgap photons, BQ& should exhibit absorption peaks
corresponding to quantum confined states at lomgarelengths. Figure 6 indicates a shift to longer
wavelengths for the QD device. However, this amafnshift is more readily explained by a slight
compositional shift of the bulk InGaAs material.
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Figure 6—EQE data for 0.6eV TPV with (pink) andhwiit (dark) QDs. The spectral shift for the QD séamip due
to a slight compositional shift in the bulk InGaAs.

Summary

Several aspects of quantum dot growth on latticematched InGaAs have been investigated. As the
strain between the QD and surface composition deesg distinct QD’s become dash-like in nature.
This tendency increases for elevated temperatUies.effect of the growth temperature is a primary
factor in dot formation and distribution, whichagplained by the influence of temperature on serfac
diffusion. At present, incorporating multiple QDyé&as into the active region of a 0.6 eV TPV cell
causes a decreased efficiency due to a reductiolscofnd Voc values. By using a QD structure
containing 10 periods, 10ML QD’s the Isc penaltyeigminated, though the Voc penalty persists.
Continued optimization of the QD epitaxy is expécte resolve these problems, resulting in the
realization of enable sub-gap absorption, and migak efficiency.

This work was supported by NASA SBIR contract #NISCBA66C.
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