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Abstract: Lattice matched Ga, -, In, As,Sb, -, quaternary alloy films for thermophotovoltaic cells were successfully grown

on n-type GaSb substrates by liquid phase epitaxy. Mirror-like surfaces for the epitaxial layers were achieved and evaluated

by atomic force microscopy. The composition of the Ga, -, In, As,Sb, -, layer was characterized by energy dispersive X-ray

analysis with the result that x =0.2,y =0.17. The absorption edges of the Ga;-,In,As,Sb; -, films were determined to be

2.256pum at room temperature by Fourier transform infrared transmission spectrum analysis, corresponding to an energy

gap of 0.55eV. Hall measurements show that the highest obtained electron mobility in the undoped p-type samples is

512cm*/(V + s) and the carrier density is 6. 1 X 10" ¢m™® at room temperature. Finally, GalnAsSb based thermophotovol-

taic cells in different structures with quantum efficiency values of around 60% were fabricated and the spectrum response

characteristics of the cells are discussed.
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1 Introduction

Recently,there has been a growing interest in the
field of thermoelectric conversion or thermophotovol-
taic (TPV) technology due to its large power output,
high achievable conversion efficiency, and better
spectral match between the source’s thermal radia-
tion and photoresponse of the photovoltaic (PV)
cells™*). In a practical TPV system.the thermal radi-
ation from a high-temperature body (emitter) is usu-
ally distributed from the visible (VIS) to the near in-
frared (NIR) regions, suppressing the application of
conventional bulk or thin film materials like Si- or
GaAs-based cells. To match this peculiar spectrum,
GaSb and its ternary or quaternary alloys, such as
GalnAsSb, have attracted tremendous attention be-
cause of their available narrower energy gap and well-
defined photoresponse characteristic®~*!,

GaSb was first introduced into the PV communi-
ty by Fraas when developing mechanically stacked
GaAs/GaSb solar cells where a GaSb cell was de-
signed as the bottom cell to convert the residual sub-
band photon from the top GaAs cell. An improvement
of energy conversion efficiency of 35% was recor-
ded"’ . So far.many works have investigated the fabri-
cation, properties, and optoelectronic applications of
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GaSb compound material. However, as for the TPV
application,it is theoretically predicted that the opti-
mum TPV cell should have a bandgap near 0. 55eV,
corresponding to a practical thermal emitter with the
operating temperature 1000 ~ 1500C . Ga,-, In, As,-
Sb,-, quaternary alloys, with the features of a wide
range of achievable bandgap and eptaxial growth on
the commercially-available GaSb wafers with the
identical lattice constant,is an optimum candidate for
TPV applications'”*). Unfortunately, the fabrication
of this quaternary film with a narrow energy gap near
0.55eV is challenging with the liquid phase epitaxy
(LPE) method due to the existence of the miscibility
gap region in the phase diagram'®'. Furthermore, LPE
is a well-defined technology for growth III-V group
semiconductors as the result of its equilibrium state
growth characteristics and because high quality epi-
taxial layers can be obtained.

In this paper,0.55eV Gag s Ing» Asg.17 Sby gz thin
films were successfully fabricated on GaSb substrate
by the LPE method. Analysis methods such as atomic
force microscopy (AFM), X-ray diffraction (XRD),
energy dispersive X-ray analysis (EDAX) , and Hall
measurement were employed to evaluate the quality
of the epitaxial films. Then, GalnAsSb based TPV
cells with structures of p-GalnAsSb/n-GaSb and p-
GaSb/p-GalnAsSb/n-GaSb were fabricated, and the

(©2008 Chinese Institute of Electronics



573

Liu Lei et al. :

Growth of 0. 55eV-GalnAsSb Quaternary Alloy Films for a Thermophotovoltaic Device by -+ 1259

quantum efficiencies (QE) of the TPV cell were
measured.

2 Experiment

N-type GaSb substrates with carrier concentra-
tions of 1.9 X 10" ¢m™® were used in this paper. First,
the substrates were rinsed successively with tetrachlo-
romethane, acetone, ethanol, and de-ionized water in
ultrasonic baths. Before loading into a nitrogen glove
box atmosphere,the substrates were etched in a mix-
ture solution of CH;COOH,H,O and HF (20 : 9 : 1)
to remove the native oxide layer.

Ga;-, In,As,Sb; -, films were grown by LPE u-
sing a conventional horizontal graphite sliding-boat
system. The starting materials are 6N pure In,Ga,Sb,
and undoped polycrystalline GaAs. In the process of
growing Ga,_,In,As,Sb;_, films,the In-rich solutions
with the atom fraction of Ga : In : As : Sb=10.169 :
0.585 : 0.001 : 0. 245 were homogenised and purified
for 2h at 800C. After loading the wafers, the melt
was heated to 550°C for 1h to completely dissolve the
growth solutions,then the temperature was decreased
to 520C at a cooling rate of 0. 5C /min. At 529°C ,the
substrates were contacted with the melt to grow
Ga, ,In,As,Sb,-, layers. The growth rates of the
GaSb and Ga,-, In,As,Sb,_, layers were about 6um
per minute, which is much higher than that of the
MOCVD method. So, Ga;-, In,As,Sb, -, films with
thickness from 0. 7 to 40pxm can be grown with differ-
ent growth times in our experiment. GaSb films were
also grown by LPE at a temperature of 525C with the
same growth procedure, and the atomic fraction of
the liquid solutions is Ga : Sb=0.94 : 0. 06.

The morphologies of the epitaxial films were
evaluated by atomic force microscopy and scanning
electronic microscopy (SEM). X-ray diffraction was
used to analyze the films’ quality. Compositional ana-
lyses were characterized by energy dispersive X-ray
analysis. The Fourier transform infrared (FTIR)
spectrum of Ga,-,In,As,Sb,_,/GaSb
was measured at room temperature using a GaSb sub-
strate as reference. Electrical properties of Ga,-,-
In, As,Sb, -, epitaxial films were examined by Hall
measurements. Then, Hall measurements were per-
formed on the sample with In contacts using the Van
der Paul method at 300K. For Hall measurements and
the XRD analysis of the Ga,-, In,As,Sb,_, epitaxial
layers grown by LPE,the substrates were removed by
grinding in order to eliminate their effects.

The back contact and the front contact grid on
the epitaxial p-GalnAsSb /GaSb and p-GaSb/p-Galn-
AsSb/n-GaSb structure are Au: Ge alloy formed by
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Fig.1 AFM image of GalnAsSb epitaxial film grown by LPE
the magnetron sputtering technique and alloyed at
250C for 1min. All TPV cells in this paper are 5mm
X5mm in area. The characterization of the spectrum
response and quantum efficiency (QE) was performed
at room temperature for all the cells.

3 Results and discussion

3.1 GalnAsSb film quality

Mirror-like surfaces for the Ga;-, In,As,Sb;-,
films were successfully achieved by LPE at an appro-
priate growth condition in our experiment. AFM was
employed to evaluate the surface morphology. From
Fig. 1(a) ,the texture like grooves and terraces are ob-
served in the AFM image, which is quite similar with
Mejia’s result'’® . In each terrace there are many ob-
servable growth striations, which mean good growth
quality for the epitaxial layers. The “S” shaped
growth striations can be more clearly observed in the
inset picture in Fig. 1(a). The height profile for the
line shown in Fig.1(a) is shown in Fig.1(b). The
steps detailed in the profile image in Fig. 1(b) repre-
sent the terrace heights that are between 4 and 6nm
with widths around 0. 6pm. The average roughness of
the surface is 4. 3nm. Good surface morphology for
the very thick epitaxial films was not achieved in this
work.

The composition of the epitaxial layers was de-
termined using EDAX with the result that x =0.2,y
=0.17.The rocking curve of the Gay sIny ,Asy 17Sby g3
(400) reflection was carried out initially to character-
ize the quality of the epitaxial layer. As seen in Fig. 2,
the Gag sIng 2 Ase.17Sbys; film exhibits good quality
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1500 Table 1 Electrical parameters of the Gag s Ing 2 Asy 17 Sby g3 re-
lated epitaxial flims
1250 -
Epitaxial layer Type N.,/ecm™3 o/ (em?/(V = 8))
51000 | GaSb p 1. 7x10" 774
g GalnAsSb p 6.1x10'6 512
a GalnAsSb: Zn p 2.1x10% 606
2 , «Sh. 17
E 500l GalnAsSb: Te n 2.4X10 7325
250 F FOl’ the application Of Ga()_g In()_z AS()_17 Sb()_xg qua-
ternary alloy in TPV cells, determining the electrical
oo -500 0 500 1000 properties of the film is essential. Therefore, Hall
/(") .
measurements were carried out for the Gag s Ing s Asy 17-
Fig.2 Rocking curves of the Gay s Ing s Asy 17 Sby g3 film Sby.g; films. Table 1 presents the electrical properties

values. The FWHM of the peak is 0.13", which is
smaller than that of epitaxial 0. 55e¢V GalnAsSb film
grown by MOCVD!"'".

The Fourier transform infrared transmission
spectrum of the sample measured at room temperature
is shown in Fig. 3. Defining the cutoff wavelength as
the mid-transmittance wavelength,the absorption ed-
ges of the Ga, sIng » Asy 17Sby g3 film can be determined
to be 2.256pm at room temperature. Transmission
spectra recorded at room temperature show a shift in
the absorption edge towards the low energy side for
Gay.sIng » Asy 17 Sby g3 in comparison to GaSb,as shown
in Fig. 3. For a direct energy gap semiconductor, the
absorption coefficient (a) of Ga, , In,As,Sb,-, can
be described as a= A (hy — E,)"?,where « is the ab-
sorption coefficient in cm™',y is the incident photon
frequency.and A is a constant depending on the elec-
tron and hole effective masses and the optical transi-
tion matrix element. Therefore, based on the calcula-
tion of « d (d is the film thickness) from the FTIR
transmission results, the calculated room temperature
energy gap was 0.55e¢V for the Gays Ing., Aso.1z Sbyss/
GaSb film corresponding to an absorption edge of
2.25pm, which is consistent with the former defini-
tion.
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Fig.3 Fourier transform infrared transmission spectra at room
temperature of the Gay s Ing. 2 Asg.17 Sby g3 film  Inset shows the

corresponding for linear fitting.

of the Gay gIny » Asy17Sby g3 films and the GaSb films.
The electron mobility of the undoped Gay ¢Ing , Asy 17-
Sby.gs film grown was 512cm*/(V « s) with a carrier
concentration (n-type) of 6.1 X 10" em™®. Zn atoms
and Te atoms are used in the LPE growth process to
form p-type and n-type Gags Ing.» Asg.17 Sby.ss films,
with carrier concentrations of 2.1 X 10" cm™® and 2. 4
X 10" c¢cm™?, respectively. The mobility of the Ga,.s-
Ing » Asy.17 Sby g films of either p-type or n-type are
much higher than the GalnAsSb films with a close
solid composition grown by MOCVD'#/.

3.2 GalnAsSb TPV cells

Both GalnAsSb and GaSb TPV cells are fabrica-
ted in this paper. The structure of GaSb cells are sim-
ple pn-junctions in which no window layers were fab-
ricated because of the low surface recombination rate
for p-type GaSb'"'. GalnAsSb based TPV cells were
fabricated in two structures of p-GalnAsSb/n-GaSb
and p-GaSb/p-GalnAsSb/n-GaSb. Figure 4 shows a
cross section SEM image of the GaSb/Ga, gIng o Asg 17-
Sby.s3/GaSb structure grown by LPE. The growth
rates of Gag.sIng ;Ase.17Sby g3 layers are about 6p.m per
minute,as mentioned above. But high growth rates al-
so create difficulties in obtaining very thin epitaxial
layers. In Fig. 4, the thickness of each epitaxial layer

GaSb

Ga  In As

0.87770.2

Sb

0.17

GaSb

5.0kV 8.9mm x 10.0k SE(M)

Fig.4 SEM image of GaSb/Ga, sIny > Asy.17Sby s3/GaSb epitax-
ial layer grown by LPE
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Fig.5 External quantum efficiencies of GaSb and GalnAsSb
based TPV cells

is 0. 7pm with a growth time of less than 10s.

The external quantum efficiencies of the TPV
cells are measured by a spectrum response measure-
ment system. Figure 5 shows the external QEs of TPV
cells with values near 60% ,which are close to the re-
sults of Wang'®'. Compared with the GaSb cell, the
QE curves of the GalnAsSb cell shift remarkably to-
ward long wavelengths with an absorption edge near
2.2pm. This fits well with the result of the FTIR
transmission spectrum. Thus,the GalnAsSb cells with
lower energy gaps are more suitable than GaSb cells
when the radiator is working at a relatively low tem-
perature, for example, 1200C . The QE value of a p-
GalnAsSb/n-GaSb cell in short wave length is lower
than that of a p-GaSb/p-GalnAsSb/n-GaSb cell with
the same emitter layer thickness. This contributes to
the higher surface recombination rate of p-GalnAsSb
alloy than of p-GaSb alloy because photons with a
short wavelength always show a high absorption coef-
ficient and are always absorbed near the surface of
the material. A high surface recombination rate would
make the photo-generated carrier recombine quickly.
The p-GaSb layer also played the role of the window
layer, which is beneficial to the collection of photo-
generated carriers.

The I-V characteristics of the TPV cells are dif-
ficult to evaluate because of the lack of a standard
light source. Moreover, there is no well-accepted cri-
terion for the I-V measurement of light sources in the
TPV community. In our experiment, the best short
circuit current density and open circuit voltage for the
GaSb homo-junction cell and p-GaSb/p-GalnAsSb/n-
GaSb cell are 54 and 71mA/cm?,0. 35 and 0. 26V, re-
spectively,under a Halogen lamp with a color temper-
ature of about 3000C . The fill factors of the two cells
are 0. 64 and 0. 61, respectively.

4 Conclusion

Smooth Gay sIng , Asg.17Sby g3 epitaxial films were
successfully grown on n-type GaSb substrates by the
LPE method. AFM analysis showed that groove- and
terrace-like surface morphology with an average
roughness of 4. 3nm was observed. The FWHM of the
rocking curve of the films exhibits the high quality of
the films. The absorption edges of the Gay sIng » Asy.17-
Sby.g; films were determined to be 2. 256pum at room
temperature by the Fourier transform infrared trans-
mission spectrum corresponding to the energy gap
0.55eV. The electrical property of the Gag s Ing.,-
As, 17Sby g3 films either p-type or n-type are measured
through the Hall effect and showed good results. Two
kinds of GalnAsSb TPV cells, p-GalnAsSb/n-GaSb
and p-GaSb/p-GalnAsSb/n-GaSb, were fabricated
using Gag g Ing » Asy 17 Sby g3 composition. The quantum
efficiency measurement of the TPV cells show that
the QE curves of the GalnAsSb cell shift remarkably
toward long wavelength comparing with GaSb cells.
The QE value of the p-GaSb/p-GalnAsSb/n-GaSb cell
is higher than that of the p-GalnAsSb/n-GaSb cell,
especially in the short wavelength region.
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