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0.6-eV bandgap Inj 69Gag 31As thermophotovoltaic devices with
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Single-junction, lattice-mismatched Ing g9Gag 31 As thermophotovoltaic (TPV) devices each with a bandgap of 0.6 eV
are grown on InP substrate by metal-organic chemical vapour deposition (MOCVD). Compositionally undulating step-
graded InAsyP;_, buffer layers with a lattice mismatch of ~1.2% are used to mitigate the effect of lattice mismatch between
the device layers and the InP substrate. With an optimized buffer thickness, the Ing g9Gag 31 As active layers grown on the
buffer display a high crystal quality with no measurable tetragonal distortion. High-performance single-junction devices are
demonstrated, with an open-circuit voltage of 0.215 V and a photovoltaic conversion efficiency of 6.9% at a short-circuit
current density of 47.6 mA/cm?, which are measured under the standard solar simulator of air mass 1.5-global (AM 1.5 G).
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1. Introduction

In,Ga;_,As-based thermophotovoltaic (TPV) devices
grown on InP substrates are of interest for a variety of ter-
restrial and space energy conversion applications.'™ Most
TPV systems are designed to generate electricity from thermal
sources that operate in a temperature range from 1000 K to
2000 K, which require In,Ga;_,As TPV cells with bandgaps
from 0.5 eV to 0.74 eV. To achieve the desired bandgap val-
ues, In,Gaj_,As (with x > 0.53) can be grown into lattice-
mismatched structures on an InP substrate with an InAs,P_,
buffer to mitigate the lattice mismatch.>~'"1 To date, all re-
ported In,Ga;_,As-based TPV devices have been grown us-
ing a compositionally monotonically graded InAs,P;_, buffer.
Compared with more common compositionally monotonically
graded buffer choices, compositionally non-monotonically
graded buffers offer an additional degree of freedom for tai-
loring the shape of the misfit profile. In this work, lattice
mismatched Ing g9Gag 31 As (0.6 eV) TPV devices with com-
positionally undulating step-graded InAs,P_, buffers grown
by metal-organic chemical vapour deposition (MOCVD) on
InP are studied. High quality Ing ¢9Gag 31 As material and high
performance devices are demonstrated for a bandgap of 0.6 eV.

2. MOCYVD growth and device processing

Lattice-mismatched Ing g9Gag 31 As TPV structures were
grown by a horizontal low-pressure MOCVD system on
n-doped (100) InP substrates, using trimethylgallium and
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trimethylindium as the group III sources, AsH3 and PH3 as
the group V sources, silane (SiH4) as n-type dopant, DEZn
as p-type dopant, and palladium diffused H, as the carrier
gas. An initial 50-nm thick n-doped InP buffer layer was
deposited to generate a smooth surface. After InP growth,
the InAsyP;_, buffer layer was grown at a nominal rate of
2.5 A/s (1 A=0.1 nm) and at a constant substrate tempera-
ture of 680 °C under stabilized phosphorus flux with variable
As flux, in order to provide a nearly lattice-matched “virtual”
substrate for the further overgrowth of 0.6-eV In,Ga;_,As
(x =~ 0.68) TPV active layers. In the InAs,P;_, buffer layer,
the As composition increased in an undulating manner, i.e.,
with a high As composition followed by a low As composi-
tion and then a higher As composition again, so as to form an
alternate growth of compressive strain and tensile strain mate-
rial. The extent of lattice misfit between the desired InGaAs
active layer and the InP substrate was 1.0%. It is noted that
in order to compensate the residual stain, the grown upper-
most InAs,P;_, buffer layer should intentionally have a lattice
misfit extent of 1.2% with respect to InP, which is a little bit
higher than that for Ingg9Gag 3;As, which will be discussed
in more detail later. For comparison, two samples, A and B,
were grown and they had similar buffer structures except for
their layer thickness. The total buffer thicknesses for sample
A and sample B are 1.5 pm and 2.2 pum, respectively. Accu-
rate determination of the As mole-fraction was obtained from
triple axis X-ray diffraction (XRD) measurements, which al-
lowed the calculation of the residual strain remaining in the
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layers. Full details related to the growth and properties of the
InAsyP;_ buffer are reported elsewhere [1?]

The schematic cross section of a basic n—p—n TPV struc-
ture is shown in Fig. 1 which allows the use of the de-
sired n-on-p cell configuration with an InGaAs tunnel junc-
tion as needed for monolithic interconnected module (MIM)
TPV.!3] The active region of the cell consists of a p/n junction
(base/emitter) of InGaAs surrounded by the layers of InAsP,
which is used to passivate the high recombination-velocity In-
GaAs surface and confine the minority carriers, leading to an
improved device performance.'*! The Ni/AuGe/Ni/Au met-
allization was used for the n-type Ohmic contact. An anti-
reflection coating (ARC) of SiO,/TiO, was deposited on the
top surface. For comparison, a lattice-matched Ing s3Gag 47As
TPV device (sample C) with a bandgap of 0.73 eV was fabri-
cated, which had the same structure as samples A and B except
for no InAsP buffer layers. The size of each of the cell devices
is 2.5 mmx2.5 mm.

SiO4/TiO2 anti-reflection coating

ntt-InGaAs contact

n-InGaAs windows

nt-InGaAs emitter

P-InGaAs base

p-InAsP back surface field

pt*t-InGaAs tunnel junction

nt*t-InGaAs tunnel junction

nt-InAsP buffer

nt-InP buffer

n-InP substrate

Fig. 1. Cross section of the double heterostructure (InGaAs/InAsP)
0.6 eV TPV device grown on n-InP substrate.

3. Material characteristics

The relaxation state and residual strain of the samples
were checked by reciprocal space maps (RSMs) with asym-
metric (115) reflection measured using high-resolution triple
axis XRD as shown in Fig. 2. For sample A, the (115)
RSM exhibits only two distinct reciprocal lattice point (RLP)
maxima, one is for the substrate and the other is for the
The RLP of
Ing.¢9Gag 31 As layer exhibits a larger peak broadening com-

Ing 60Gag 31 As layer, as shown in Fig. 2(a).

pared with sample B, which is attributed to higher dislocation

density and poorer crystal quality of sample A as confirmed
by TEM analysis. For sample B, there are three distinct RLP
maxima in the RSM, and the peaks corresponding to these
RLP maxima are assigned to (i) the InP substrate, (ii) the up-
permost InAsyPi_, buffer layer, and (iii) the IngeoGap31As
cover layer. The Ing goGag 31 As layer RLP lies directly on the
uppermost InAs,P;_, buffer layer, so its in-plane lattice con-
stant is coherent with that of the uppermost InAs,P;_, layer,
indicating that the internal lattice matching has been achieved
between the Ing ¢9Gag 31As layer and the InAs,P;_, layer. In
addition, the Ingg9Gag31As layer RLP is exactly centred on
the line extending between the substrate RLP and Q = 0, indi-
cating that the Ing 69Gag 31 As has reached their equilibrium cu-
bic structure with no measurable tetragonal distortion, which
is attributed to the fact that the uppermost InAs,P;_, buffer
layer is grown up to a composition corresponding to a lattice
constant of ag = aj + €ag, overshooting the desired device lat-
tice constant by a small amount eag,!'>! where ag corresponds
to InP lattice constant, a; corresponds to the lattice constant
of Ingg9Gag 31 As, and € corresponds to residual strain at the
surface of the buffer layer.
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Fig. 2. Asymmetric (115) RSMs of the Ing 69Gag 31 As TPV device epitaxial
layers grown on (001) InP substrate for (a) sample A, (b) sample B.

According to the atomic force microscopy (AFM) mea-
surements (not shown here), the expected crosshatch mor-
phology that is characteristic of strain relaxation induced by
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the growth with InAsyP;_, buffers is evident. The root-
mean-square (RMS) roughness of sample A is 14 nm (the
scan area is 20 umx20 wm), which is much larger than
1.44 nm of sample B. The obtained results indicate that the
thickness of the InAsyPi_, buffer layer has a great influ-
ence on Ingg9Gag 31 As crystal quality and surface morphol-
ogy. The smallest RMS roughness for our compositionally
undulating InAs,P;_, buffer case is 2.74 nm (the scan area
is 40 pmx40 pum), small as compared with 3.6 nm reported
for the step-like grading InAs,P;_, buffer grown by molecu-

[16] which is attributed to the advantages of

lar beam epitaxy,
alternate growth of compressive strain and tensile strain mate-

rial.

4. Device characteristics

The current—voltage (I-V') characteristic curves of lattice-
matched (sample C) and lattice-mismatched (sample A and
sample B) TPV devices under the standard solar simulator
of air mass 1.5-global (AM 1.5G) are shown in Fig. 3. It
is obvious that the short-circuit current density of the mis-
matched TPV device is larger than that of the matched TPV
device due to the lower InGaAs bandgap. The calibration at
1 sun shows that the lattice-mismatched cell sample A has
a photovoltaic conversion efficiency of 5.31% with an open
voltage (Vi) of 0.19 V, a short-circuit current density (Jy)
value of 43 mA/cm?, and a fill factor (FF) of 58%. The lattice-
mismatched cell sample B has a better photovoltaic conver-
sion efficiency (6.9%) with a higher V. (0.215 V), a larger
Jsc value (47.6 mA/crnz), and an FF of 57%. The optoelec-
tronic operation of the solar cell device includes the process
of photon absorption, carrier separation, transport, and collec-
tion. Therefore, many parameters may affect the performance
of the device. However, if only the material quality is con-
sidered, we need to increase the diffusion length of minority
carriers and reduce the recombination, such as surface recom-
bination, defect-state-related recombination, etc. However, in
order to optimize the above factors, the most important thing
is to lower the defect density. Aforementioned XRD analyses
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Fig. 3. Current—voltage (I-V) characteristic curves of lattice-matched
and lattice-mismatched TPV devices.

indicate that the crystal quality of sample B is better than that
of sample A, which is consistent with the /-V characteristics
result.

The results of external quantum efficiency (EQE) of
lattice-matched and lattice-mismatched TPV devices are
shown in Fig. 4. Because of the limitations of our test system,
the measured wavelengths range from 0.9 um to 1.9 um. For
the lattice-matched sample C, the EQE value is high, which
is ~ 90% falling in an interval between wavelengths 1.0 pm
and 1.67 um, which is consistent with a long carrier diffu-
sion length. In addition, a sharp band edge cutoff is observed.
The lattice-mismatched cell has a poor EQE property com-
pared with the lattice-matched TPV device. For sample A,
the EQE value keeps low in the measurement range, indicat-
ing a small diffusion length of minority carriers due to the
poor material quality. For sample B, the EQE value is low
at short wavelength and it increases as wavelength increases.
The highest value is ~ 90%. A similar spectral dependence
of the EQE property was reported and was attributed to the
front surface recombination since a substantial amount of ab-
sorption at short wavelengths takes place close to the emitter
surface.!'”l According to the simulation results, the EQE at
short wavelength decreases dramatically when front surface
recombination velocity, S, is larger than 10° cm/s, whereas it
is nearly constant for S < 2 x 10 cm/s.
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Fig. 4. Curves of external quantum efficiency (EQE) versus wavelength
of lattice-matched and lattice-mismatched TPV devices.

5. Conclusion

Lattice-mismatched Ingg9Gag3;As thermophotovoltaic
(TPV) devices with compositionally undulating step-graded
InAs,P;_, buffers are fabricated and tested. With the advan-
tages of alternate growth of compressive strain and tensile
strain material, the Ingg9Gag 31 As active layer which shows
a high crystal quality (with no measurable tetragonal distor-
tion) and a very low surface roughness of 2.74 nm is ob-
tained. High-performance devices are obtained, with the
single-junction one displaying a V. of 0.215 V and an FF of
57% measured at a Jy. value of 47.6 mA/cm?. The results sug-
gest great promise for achieving high efficiency, large area,
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low bandgap InGaAs TPV modules and arrays by using com-

positionally undulating step-graded InAs,P;_,, buffers.
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