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High-Performance ln;3Ga, 47AS
Thermophotovoltaic Devices Grown by
Solid Source Molecular Beam Epitaxy
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Abstract—n 53Gao.47As-based monolithic interconnected ~ Serics connection

modules (MIMs) of thermophotovoltaic (TPV) devices lat- SIO, layer —_ | ®
tice-matched to InP were grown by solid source molecular n**-contact =;
beam epitaxy. The MIM device consisted of ten individual n'-window
Ing.53Gag.47As TPV cells connected in series on an InP substrate. n'-emitter

1000A InGaAs
500A InP
3000A InGaAs

An open-circuit voltage (V,.) of 4.82 V, short-circuit current base 25000A InGaAs ‘;;j
density (J5.) of 1.03 A/cn? and fill factor of ~73% were achieved P
for a ten-junction MIM with a bandgap of 0.74 eV under high p-BSF — S00A InP [_
intensity white light illumination. Device performance uniformity pH/tTI 300A InGaAs l
was better than 1.5% across a full 2-in InP wafer. TheV,. and 300A InGaAs |
J.. values are the highest yet reported for 0.74-eV band gap n-p-n " -ctchstop S004.[nP L
MIM devices. n*-LCL layer—» 8000A InGaAs
Index Terms—nGaAs, MBE, MIM, TPV. L = § L
s Semi-insulating (100) InP substrate )73

I. INTRODUCTION i ) ) )
Fig. 1. Lattice-matched Ins3Ga, 47As n-p-n thermophotovoltaic device

ONOLITHIC interconnected modules (MIMs) of ther-structure.
mophotovoltaic (TPV) devices based on InGaAs grown
on InP substrates are being explored for a variety of terrestrial Il. MBE GROWTH AND DEVICE PROCESSING

and space energy conversion applications [1]-[5]. Most TPV Lattice-matched Ins3Ga 47As TPV devices were grown on
systems are designed for thermal sources that operate in (h&0) semi-insulating Fe-doped InP substrates in a solid source
temperature range of 1000—-2000 K. The low energy spectralMBE system using valved cracker sources for both arsenic and
radiance peak from such black body sources necessitates gifwsphorus. The basic n-p-n structure shown in Fig. 1 uses the
tovoltaic cells having bandgaps in the range of 0.55-0.74 @¢sired n-p cell configuration with an n-type lssGay 47As lat-

in order to achieve high TPV conversion efficiency and a re&ral conduction layer (LCL) to interconnect strings of lateral
sonable power density. Due to the range of bandgaps accessiigéces in series to achieve a TPV monolithic interconnected
by In,Ga _,As alloys, In,Ga _,As photovoltaic devices with module [4]-[6]. The substrate oxide desorption and the first
compositions between = 0.53 (E, = 0.74 eV) andz = 0.75  Stages of growth were monitored using reflection high-energy
(E, = 0.55) are receiving considerable attention for TPV apgléctron diffraction (RHEED). Once the oxide was fully des-
plications [4]-[6]. To date, all reported JGa_.As TPV de- orbed, growth of a 0.24m thick undoped InP buffer layer was

vices have been grown by metal-organic vapor-phase epit%%yiated at~460°C under a stabilized?; flux prior to growth

(MOVPE). However, molecular beam epitaxy is of interest a% the TPV device structure. This process yields a strong, very
. ) . ._.Streaky (2x 4) surface reconstruction RHEED pattern. All sub-
an alternative growth technique due to its extreme precision

q th uniformity. in addition t ding th h Sequent InP layers were grown at a substrate temperature of
and growth unrformity, In addition to €xpanding the growth Pdzgn o 1pe Iny 53Gay 47AS layers were grown at a substrate

rameter space over which TPV materials and devices may 86, ,erature of 525C, with the exception of the highly doped
optimized. This letter reports the first growth and device r‘?anneljunction layers, which were grown at 49C.
sults for solid source molecular beam epitaxy (MBE) grown Gyowth temperature of the substrate was monitored and con-
INg.53Gay.47As/INP TPV devices. trolled in real-time using an optical pyrometer with a feedback
control loop to account for both emissivity variations and stray
light from hot effusion cells. This precise temperature control
. . _ produced TPV cells with a compositional uniformity of lat-
Manuscript received September 9, 2002; revised October 25, 2002. The re- hed | b h 0
view of this letter was arrranged by Editor D. Ritter. tlce-.mat.c ed In53Ga.47As layers of better tha0.5% across
M. K. Hudait, C. L. Andre, O. Kwon, and S. A. Ringel are with the De-a 2-in diameter InP wafer as measured by double crystal x-ray

ngthoe[‘gg '(Ee'er‘;tgi?.ar'ir']fg”slli(gifg"e‘gémoosfgesgj)U”ive’SitY' Columbus, Gfiffraction. Because InP and InGaAs etch selectively using HCI
M. N. Palmisiano is with Bechtel Betis, Inc., West Mifflin, PA 15122 usa.@nd @ mixture of PO, : H,0, : H,O (3:4:1 by wlume),

Digital Object Identifier 10.1109/LED.2002.806295 the exact position in the structure is known as the device is pro-
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Fig. 3. Variation of short-circuit current density/.() with open-circuit

Fig. 2. Current density-voltage J£V)) characteristic of a ten-cell voltage ¥..) and fill factor (FF) with J,. for a ten-cell MIM with
INg.53Ga.47As MIM with E, = 0.74 eV. E, = 0.74 eV obtained as a function of incident light intensity.

cessed. Using stylus profilometery, it was found that the degifpde model. By performing a linear fit of the data in Fig. 3
of the back contact layer (LCL) varied by a maximum of 108nd using the relation in equation (1) whéres the Boltzmann
across a 2-in wafer. Conventional Ti—Au (200 Agn) met- constant, and¢.; is the temperature of the cell during mea-
allization was used for both front and back ohmic contacts. irement (298 K)

sputter deposited Sidielectric layer was used to prevent the qv.

interconnect metallization from short-circuiting the individual Jse = Jo {eXp ( kToc > - } 1)
cells. No intentional antirefection coating (ARC) was deposited 1L Cell

on the top surface and the cap layer was removed before thehe diode ideality factor and,, the dark-current density were

qguantum efficiency measurements. estimated [2], [7]. Assuming a single ideality factor, the linear
fit yielded n ~ 1.65, indicating that current mechanisms other
[ll. RESULTS AND DISCUSSION than diffusion ¢ = 1) are active such as depletion-region re-

.combination. It was found that ~ 1.65 even at low injection

To characterize the completed TPV MIMs, current denSI%vels confirming this is not a high injection effect. The source
versus voltage J—V) measurements were performed undq,r

high intensity white light illumination. The light source is aor a possible recombination center is currently under investi-

o ._gation using deep level transient spectroscopy (DLTS) and re-
quartz halogen tungsten lamp whose spectral emission fits a : .

. verse current density versus temperature measurements. The fill
graybody spectrum with a temperature of 1920 K and em

iS- ) ; o :
sivity of 0.0230. Fig. 2 shows the lighl-V characteristics %ctor (FF) as a function of. is also plotted in Fig. 3, which

obtained from a ten-cell series interconnected MIM. Short—ci‘?—ppro"lehes 73% at higher illumination intensities. This com

cuit current density.[..) and open-circuit voltagelf,.) values pares favorably with previously reported values~of5% fc_Jr
of 1.03 A/cnt and 4.82 V were obtained, respectively, whic lattice-matched p-n {55 Ga 47As/INP TPV cells grown using

: OCVD [4].
are the highest reported to date for 0.74-eV band gap Ml : -
n-p-n devices. Previous high values (0.84 Afcend 4.1 V) A typical external quantum efficiency (EQE) response for an

[4] were obtained for MOVPE grown p-n dsGay 4-As/InP MBE-grown MIM device is shown in Fig. 4. The sharp cutoff at

TPV cells with similar device design, fabrication process artbgeetlef);egnwfc\)loe(l)er?r?;hatr)l?jn&%%gﬁrinv?/im(e):tlgbzlrfg‘iltz Z?Efzﬁi-re-

testing methods. The variation Iri across a 2-in wafer was flection coating) indicates a high carrier lifetime and a diffusion
less thant-1.5%, indicating excellent lateral uniformity in layer, 9 9

thickness, composition and material quality. Hence, SSMLJ,Ength N excess of the 2.5 base thickness for mlnorlty_ car-
rier electrons in the p-type §n3sGay 47As base layer. This is

grown material can easily facilitate larger area devices (#cm : . ; o N
better suited for assembling TPV arrays, as well as increase ogswtent with the low carrier recombination rate implied by

yield of highly performing devices from a single wafer. € highV,. and /.. values.
Fig. 3 showsJ,. versusV,. results of a ten-cell MIM de-

vice as a function of illumination intensity, where an increase

in J,. values corresponds to an increase in light intensity for Lattice-matched I§53Gay 47As—InP TPV devices on InP

the J-V measurements. It can be seen from this figurethat substrates have been designed, grown, fabricated, and tested

increases logarithmically witl., as expected from the idealusing MBE. An open-circuit voltage of 4.82 V and short-circuit

IV. CONCLUSION
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0.8 high-performance I§;3Ga 47As TPV devices and therefore
- has great potential for achieving high quality. ®a, _,As TPV
0.7+ Mm@%@% devices with lower bandgaps using appropriately engineered
2 : > substrates currently under development.
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