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Interface Characterization of GaAs/Ge Heterostructure Grown by
Metal-Organic Vapor-Phase Epitaxy

S. B. Krupanidhi' and M. K. Hudait,'”

' Materials Research Centre, indian Institute of Science, Bangalore 560 012, INDIA
* Central Research Laboratory, Bharat Electronics, Bangaiore 560 013, INDIA

ABSTRACT

GaAs/Ge heterostructures having abrupt interfaces were grown under different growth conditions
and investigated by atomic force microscopy (AFM). cross-sactional high resolution transmission electron
microscopy (HRTEM), low-lemperature photoluminescence (LTPL) spectroscopy, electrochemical
capacitance voliage (ECV) profiler and current-voltage (I-V) characteristics. Our resulis indicate that 6°
offcut Ge substrate coupled with growth temperature of ~ 675°C, growth rate of ~ 3 um/hr and a V/IIT
ratio of ~ 88 is an optimum growth condition for the buffer layer growth of GaAs/Ge heterostructure solar
cells. The surface morphology was found to be very good on 6° off-oriented Ge subsirate and rms
roughness was ~ 30.8 nm over 10 x 10 pm® area scan over 2 ® and 9 off-oriented Ge subsirates. The
lattice indexing of HRTEM exhibited an excellent lattice line matching between GaAs and Ge substrales.
The ECV profiler shows an excellent abrupiness between the film/substrate interface of GaAs/Ge and also
between various layers of the compiete solar cell structures.  Finally, the I-V characteristics of GaAs/Ge
solar cells were analysed under AMO condition,

L INTRODUCTION

GaAs/Ge heterostructures (HSs) have received a great atiention as starting materials for the
fabrication of space quality solar cells (1-5]). Due to its high mechanical strength, Ge is an optimized
substrate material for high efficiency solar cells [6. 7]. Although the low lattice mismatch (0.07%) of the
(GaAs/Ge system suggesis it should be nearly dislocation free, polar-on-nonpolar heteroepitaxy poses
several unique problems, like misfit dislocations at the interface, APDs in the polar materials, and the
cross diffusion of Ga, As and Ge at the GaAs/Ge heterointerface. The APDs separated bv APBs in the [11-
V compound semiconductors are harmful for devices, which are based on the heterointerface propertics,
since the APBs act as nonradiative recombination centers [8. 9]. To avoid the formation of APDs,
harmful to GaAs/Ge solar cell performance as they reduce short-circuit current, misoriented substrates
were used by several authors. Another problem is the Ga diffusion into the Ge substrate, which resulis in
unwanted p-n junction at the GaAs/Ge heterointerface or inside the Ge substrate that could affect the
performance of the GaAs/Ge solar cell [3]. Therefore, the careful control of the substrate surface structure
and the initial growth conditions, like the initial growth temperature, growth rate and the V/TIT ratio [10-
13] are essential io grow device quality single-domain GaAs/Ge heterostructures.

In the present work. we have investigated the effect of off-orientation, growth temperature. V/II1 ratio and

growth raic on metal-organic vapor-phase epitaxy (MOVPE) grown Si-doped n-tvpe GaAs on Ge
substrates for solar cell application, The study leads to establishment of optimum growth conditions,
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which reproducibly generale APD-free n-type GaAs films on Ge and limit owtdiffused Ge concentration at
the GaAs/Ge heterointerface. The efforts dedicated 1o find out the proper growth conditions have allowed
us 1o obtain higher conversion efficiency under AMO condition on farge area GaAs/Ge solar cells by low-
pressure metal-organic vaper phase cpitaxy  (LP-MOVPE). Atomic force microscopy (AFM) and low
temperature photoluminescence (LTPL) spectroscopy were used for characterizing the n-GaAs epilayers.
The GaAs/Ge interface was characterized using high-resolation transmission clectron microscopy
(HRTEM) and clectrochemical capacitance-volitage (ECV) profiling Afler optimizing the growth
conditions for the buffer laver growth of Si-doped GaAs on Ge substrate. GaAs/Ge solar cells were grown
and characterized using LTPL. ECV profiler and current-voltage (I-V) measurements.

2, Experimental

The Si-doped n-ivpe GaAs films were grown in a low-pressure horizontal MOVPE reactor on Sb-
doped n'- Ge (100) 2°, 6" and 9 off-oriented towards [110] direction The source materials were
trimethylgallium (TMGa), 100% arsine (AsH,), trimethylaluminium (TMAI), dimethylzinc (DMZn) as a
p-type dopant. 104 ppm silane (SiH,) as an n-tvpe dopant and palladium purified H as a carrier gas. The
details of the growth procedure can be found elsewhere [13-16].

The thickness of the epiiaxial layers imvestigated ranged from gbout 1.5 um to 6.5 um. The
epitaxial films were investigated using AFM (o reveal the surface roughening and other defects. probably
AFDs. in a constant-force mode. The epitaxial GaAs/Ge heterointerfaces were preparcd by Ar ion
thinning for cross-sectional observations. The HRTEM investigations were performed using a Hitachi H-
9004 UHE. ultra-high resolution electron microscope operated at 300 kY. PL measurements were carried
out using a MIDAC Fourier Transform PL (FTPL) system at a temperature of 4.2 K and 100 mW laser
power. Argon ion laser operating at a wavelength of 5145A° was used as a source of excitation. The
exposed area was about 3 mm®.  PL signal was detected bv a LN, cooled Ge-Photodetector whose
operating range is about 0.75-1.% eV, The doping concentrations were determined using Bio-Rad ECV
polaron profiler

The metal front contact on GaAs/'Ge solar cell structure was made using Auw'Zn and an overlaver
of Au using a physical mask on the GaAs epilayer and annealed at 430°C for about 2 min in ultra high
pure (UHP) N; ambient. The thickness of the front metal contact was about 0.35 wm. The cap layer was
etched using H,PO, H0-:H.O (10:10;394) for about 7-8 min depending on the thickness of the metal grid
to reduce the series resistance effect on the solar cell efficiency. Once the cap laver was etched an AR
coating consisting of TiD: and ALO. double laver, having thickness of about 370 A® and 300 A"
respectively, was deposited on top of the window laver. The current-voltage {I-V) measurcment were
carried out using Oriel Solar Simulator and an automated setup consisting of Keithley 2400 source
mesrsure unit. probe station and an [BM 486 PC,

k 3 RESULTS AND DISCUSSION
ia Surface characterization by AFM Studies

The carelul control of substrale surface structure is essential 1o realive the APD-free GaAs on
different off-oricnted Ge substrates bv MOVPE (echnique. In general, the surface roughening in GaAs
films on Ge substrales by MOVPE growth process is mainly due o APDs [17. 18], AFM images on
different length scales have been taken to see the top surface morphology of the epitaxial Si-doped GaAs
films on off-oriented Ge substrates as a function of growth temperature (600 °C ~ 700 °C) and the effect of
off-orientation (2°, 6" and 9). However, we are reporting here the surface morphology only on the 6° off-
oriented Ge substraies. One of the AFM images of a small area scan is shown in Fig. 1 with a growth
temperature of 675°C, V/III ratio of 88.20 and a growth rate of 3 pm/hr. The film grown at 675°C shows
reasonably low average and rms ronghness valuc and has better surface morphology compared with the
films grown at other temperature [19]. The average roughness was determined from the scan over the top
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of the films of different arca scan. The surface morphology was found io be very good on 6 off-oriented
Ge substrate and the rms roughness was ~ 30.82 nm over 10 x 10 pm® area scan compared to 2° and 9°
off-oriented Ge substrates,

Fig. 1 Topographical image of the 1.5 um thick Si-doped GaAs epilayer grown on 6° off-oriented Ge
substrate with a growth rate of 3 pm/hr, V/11 ratio of 38,20 and a growth temperature of 675 °C

Growth at too low temperature resulis in cxcess As point defects, which nucleate dislocation
loops. These loops expand during the subsequent high temperature GaAs growth 1o generate high
threading dislocation densities in the thick GaAs film [20]. On the other hand. the growth at higher
temperature and lower growth rate may result in the formation of unwanted p-n junction due o
simulianeous indiffusion of Ga and As inside the Ge substrate. which in tum reduces the solar cell
efficiency [3]. Based on this study we can concliede that 6° off-oriented Ge subsirate coupled with a VI
ratio of ~ 88:1 and a growth rate of <3 pumihr is the optimum growth condition for the buffer laver growth
of Si-doped GaAs on Ge substrate

3.2 Interface Characterization
3.1  Cross-sectional High resolution Transmission Elecirom Microscopy Studics on GaAs'Ge
Heterointerfaces

The epitaxial flms were investigated by TEM 1o reveal the charactenstics of MDs and other
crystalling defect [21]. In general. the dominant crystalline defects observed in the GaAs epi-film grown
on Ge are APDs and dislocations. Fig. 2 shows the cross-sectional high-resolution TEM image of Gaas
on Ge substrates in an atomic scale, using an As prelayer. growth lemperatare of 675°C, VI ratio of
BE.20 and a growth rate of 3 pm/hr. It con be seen that for the laver grown under these prowth
conditions. the interface between the Gads epilaver and the Ge substraie is sharp and no APDs werc
observed at the heterointerface. The epitiaal growth of GaAs and Ge substrate is clearly visible in this
high-resolution image with the well-resolved GaAs latice lines extending all the way down o the Ge
surface closely matching with the Ge lattice. From our cross-sectional HRTEM observation on the
GaAg/Ge heterointerface, we can conclude that the growth temperature of 675°C and growth rate of 3
umvhr in the LP-MOVPE process is the main growth condition for APD-free GaAs on &° offcul Ge
substrate, which is in agreement with the AFM stody.
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3.22  Electrochemical Capacitance-Voltage Profile

The Bio-Rad ECV profiler was used to determine the concentration along depth in the Si-doped
GaAs on different off-oriented Ge substrates. Fig. 3 shows one of the ECV carrier concentration profiles
of Si~doped GaAs on Ge substrates of 2°, 6° and 9° off-orientation. The GaAs/Ge heterointerface for 6°
off-orientation is found o be extremely abrupt as compared fo other off-orientations in the same growth
conditions. [t can be also noticed that there is no p-n junction formation due to simultancous indiffusion
of Ga and As into Ge in all the off-orientations during the MOVPE growth process. The carrier
concentration is uniform along the depth in 6° and a clear GaAs/Ge interface was observed in all the
present imvestigated films.  From this figure, we can infer that the 6° off-oriented Ge substrate is a proper
choice for the GaAs/Ge heterojunction solar cells application under our present growth conditions.

Fig.2 [110] cross-sectional high-resolution TEM image of heterointerface of GaAs{(100) Ge

heterostructure. 10!
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Fig.3 ECV profile of Si-doped GaAs on 2°, 6° and 9° off-orienied Ge substraies.
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313 Effect of Variation of Growih Temperature on Carrier Concentration

The electron concentration is observed to increase as the growth emperature increases, as shown
in Fig. 4 for a fixed 5iH, mole fraction. The activation energy for doping (E,) can be determined from
Fig 4. The activation energy of Si in GaAs ranges from 3.5 eV 10 4.13 &V on the different off-oriented
Ge substrates. This value is significantly higher (sbout a factor of 3) than Si-doped GaAs on GaAs
substrates reporied in literature [22-34] using SiH, as an n-vpe dopant. The strong temperature
dependence of Si incorporation is belicved to be a resull of increasing decomposition rate of SiH, with
increasing temperature. From this figure one can observe that at any given temperature, the change in
carrier concentration with off-oricnted Ge substrates is significantly small,
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Fig.4  Electron concentration vs growth lemperatures on 2°, 6° and 9° off-oriented Ge substrates.

324 Optical Properties on Different Off-oriented Ge Substrates

Fig 5 shows the PL spectra obtained from the Si-doped GaAs epilayers on 2°, 6° and 9° off-
oriented Ge substrates grown at a substrate temperature of 675 °C. When the electron concentration is
relatively low, the PL spectrum is symmetric while higher concentration leads to asymmetric spectrum.
The Si doping broadens the excitonic emission until it becomes a wide band-to-band (B-B) luminescence.
The peak at around 1 49 eV has been attributed to band-to-acceptor (B-A) transitions involving residual
carbon (C) impurities present in MOVPE GaAs [25]. The energy separation between the B-A peak and
the B-B peak (band gap of GaAs at 4.2 K is 1.5194 ¢V) is consistent with typical acceptor ionization
energies such as that of C (E, ~ 26.4 meV) [26], which is a ptype dopant in MOVPE., The B-A
transitions were observed from all the off-oriented Ge substrates and the peak intensity due to C decreases
with the growih temperatures compared with the excitonic peak intensity for all the off-oriented Ge
substrates. The peak intensity due 1o excitonic transitions are higher than C-related transitions on 6° and
% off-oriented Ge substrates. whereas on 2° off-oriented Ge substrate, the intensity of the two peaks are
almost same. Therefore, the 6° or 9° Ge substrate would be the proper choice for growth of Si-doped
GaAs by LP-MOVPE process. At 675°C, the excitonic peak intensity is higher than the peak intensity due
to carbon in all the three oriemtations. The doping profile of Si-doped GaAs on 2° 6° and 9 off-oriented

177




Ge substrates were shown in Fig 3. Therefore, in our present growth conditions an optimum off-
orientation of Ge substraie for the space quality solar cells is 67,

13 GGaAs'Ge Solar Cell Characterization
3.3.1 Optical Characteristics of Solar Cells

Optical characterization of the complete solar cell was carried out using LTPL spectroscopy at
4.2 K measurement temperature. Fig 6 shows the experimental PL spectra of GaAs/Gie® and GaAs/Ge?d”
structures measured at 4.2 K. The interference cffects from different layers are not observed in this PL
spectrum. Eithmmmmuhmm&malmmmmmﬂ
[27. 28]. Since there are no secondary peaks present in the PL spectrum, we can consider that the main
emission comes from the top of the film or from the cap and emitter layers. The luminescence efficiency
from GaAs/Ge solar cell grown on 9° off-oriented Ge substrate is very low as compared fo the
luminescence efficiency from GaAs/Ge solar cell grown on 6° off-oriented Ge substrates. From this
observation one can rule out the possibility of growing solar cells on 9° off-oriented Ge substrates.
Therefore, the selection of the 6° off-oriented Ge substrate for the GaAs/Ge heterostructure solar cells is
justified not only from the PL study of the complete solar cell structure but also from AFM and HRTEM

studies.
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Fig.5 PL spectra of Si-doped GaAs epilayers Fig.6é 4.2 K FL spectra of GaAs solar cell grown
grown on 2°, 6" and 9° off-orienied Ge substrates. on 6° and 9° off-oriented Ge substrates,
33z Electrochemical Capacitance-Voltage Profiles of GaAs/Ge Solar Cell Structure

To gain a fundamental understanding of the performance of multi-layered GaAs/Ge solar cell,
ECV profiling was used to examine the depth profile of the carrier concentration in each layer, thickness
of each layer and the abrupiness between the two layers. Figure 7 shows one of the ECV profiles of
mmmdemmmmmmﬁmm. One can
carefully control the MOVPE growth parameters for obtaining a highly abrupt interface between the
emitter and base layer of the GaAs/Ge solar cell. The GaAs and AlGaAs interface is very abrupt, During
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the growth of complete solar cell structure, we had increased or decreased the n-type and p-type dopants
input mole fractions depending on the carrier concentration requirement in cach layer, Also, the duration
of each layer was adjusted prior to the growth rate knowledge of each dopant. We did not observe any p-n
junction formation inside the Ge substrate during the growth of compete solar cell structure.

333 Current-Yoltage Characteristics of Solar Celly

Figure 8 shows the I-V characteristics of one of the | cm x 1 cm solar cell on the GaAs/Ge 6°
substrate under AM0O condition. The efficiency of the solar cell is 12.42 % witha V., of 0.955 V. 1, of
27.43 mAcm™ and FF of 0.64 (with a front metal contact of 0.35 um). Based on our experimental
investigations, the FF should improve to above 0.8, when the front contact layer thickness is made 5 um
[29). If we consider that the FF i5 0,75, the solar cell efficiency is 14.55 % and for FF of 0.8 the efficiency
i5 15.52 %. In our case, the metal coverage area was 300 %, since the cell was made using physical mask
during thermal evaporation. as the devices are meant for 2 nominal characterization. Generally the metal
coverage area is 5 10 10 %. Afer considering the extra effect of metal grid contact (extra 20 %) the
efficiency will improve to 18.2 % (FF=10.75) and 19.4 % (FF =0.8).
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Fig.7  ECV profile of GaAs/Ge6” heterostructure Fig8  Current density and power vs voltage

solar cell, characteristics of GaAs/Gef” heierostructure solar
cell. The open circuit valiage (V..), shor current
density (1.}, Fill Facter (FF) and efficiency (n) are
given,

4. CONCLUSIONS

The Si-doped GaAs epitaxial layers on different off-oriented Ge substrates were grown by LP-
MOVFE growth technique and characterized by several characterization techniques. AFM studies show
that the film grown at 675°C and 3 um/hr growth rate has better surface morphology on 6° compared with
2" and 9" off-oriented Ge substrates. Using HRTEM. we have identified the optimum growth parameters,
which can reproducibly generate APD-free GaAs on Ge by MOVPE growth process. The ECV profile of
Si-doped GaAs on 67 off-oriented Ge substrate shows abrupt GaAs/Ge heterointerface. The excitonic
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luminescence cfficiency from the Si-doped GaAs epitaxial film on 6° and 9° off-oriented Ge substrates is
greater than that from 2° off-oriented Ge substrate. The LTPL spectra on the GasAs solar cell structure
show very less luminescence intensity on 9” off-oriented Ge substrate and it is not suitable for the space
quality solar cell applications. The ECV profile of GaAs/Ge 6° heterostructure shows excellent abruptness
berween each laver. The GaAs/Ge 6° heterostructure solar cells shows the efficiency greater than 18 %
after considering the effects of thick metal layer and the low grid coverage ratio. This clearly establishes
the device quality of GaAs layers with different dopants, doping concentrations and abrupt interfaces
between each laver. which can reproducibly allow us to obtain efficiency greater than 18 %
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