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Abstract

This article reports on the possibility of low cost GaAs formed under ambient
pressure via a single step solution processed route from only readily available
precursors, ‘BuAsH. and GaMes. The thin films of GaAs on glass substrates were
found to have good crystallinity with crystallites as large as 150 nm and low
contamination with experimental results matching well with theoretical density of
states calculations. These results open up a route to efficient and cost-effective scale
up of GaAs thin films with high material properties for widespread industrial use.
Confirmation of film quality was determined using XRD, Raman, EDX mapping,
SEM, HRTEM, XPS and SIMS. Thus the pathway to inexpensive high-quality GaAs
films for photovoltaic and other optoelectronic applications has been laid.
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Introduction

Gallium arsenide (GaAs) is the most studied material of the IlI-V class of
semiconductors; in fact it is second only to the ubiquitous Si as the most important
semiconductor.r® It has a direct band gap of 1.43 eV (at RT) and high optical
absorption coefficient that enables it to be activated by much of the solar spectrum.?
This coupled with its inherent high charge carrier mobilities permit it to achieve
record-breaking solar conversion efficiencies (28.8%) and hence make excellent
photovoltaic devices.*’ Furthermore it is also widely used in optoelectronics such as
thin film transistors and radio frequency devices.® Owing to the current pace of
development in the optoelectronic industry, Si based devices will soon struggle to
keep up with demand for smaller, higher speed and more energy efficient equipment.
GaAs has the potential to meet such commercial demands and not just be limited to
military and space based applications, as currently. However, the widespread
deployment of GaAs in commercial technology is limited by high production costs.
The conventional methods to GaAs thin films involve the use of metal organic
chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE) at high
temperatures on expensive single crystal substrates (GaAs or Ge) under ultra high

vacuum (UHV) conditions.®

Thus far, efforts to reduce the cost of GaAs film based technology have involved the
use of alternative inexpensive substrates such as Si, Mo, glass and even plastics while
using conventional deposition techniques under UHV conditions.®*? Furthermore,
epitaxial lift-off, whereby GaAs films grown on single crystal wafers are removed and
the wafer reused have been effective in reducing costs.® 1> However, issues with
this method not only arise from the highly corrosive difficult to handle HF that is used
to remove the sacrificial AlGaAs between the GaAs layers, but also from the high
surface roughness that is imparted on the substrate which typically requires

mechanical treatment to be reclaimed.®

This paper describes a method to circumvent high costs in the fabrication of quality
GaAs thin films by ambient pressure deposition on inexpensive glass substrates
through a solution-based route. Despite solution processed semiconductor thin films
becoming more common in recent times (e.g. TiO. and via sol-gel dip or spin

coating)*® even in photovoltaic applications (perovskites, CIGS via spin coating or



spraying)*”® it has not been implemented for the synthesis of GaAs and other I11-V

materials.

Here we use a specialized form of CVD called aerosol assisted chemical vapor
deposition (AACVD) for the fabrication of high quality GaAs thin films. AACVD is
a solution based film synthesis technique that utilizes the advantages of solution
processing methods such as deposition at atmospheric pressure and large area
coverage along with the associated low cost and ease of use with the single step, high
crystallinity and high purity films that are routinely achieved via MOCVD. Also,
these solutions processed films presented below were easily tunable, for example, to
achieve the required stoichiometry by simply changing the recipe of the solution. In
AACVD a solution containing the desired precursor(s) is dissolved in a suitable
solvent then atomised and transported under atmospheric pressure into a heated
deposition chamber using a carrier gas. Using AACVD, a polycrystalline GaAs film
was deposited in a single step using the commercially available precursors, '‘BuAsH>
and GaMes in a toluene solution. The film was fully characterized for its material
properties to show that it was indeed possible to produce high quality GaAs films via
a solution-based method. Also included is an XPS valence band study and comparison
with density of state calculations that showed a good match between experimental and

theoretical models for the deposited GaAs film.
Results and Discussion

Polycrystalline GaAs thin films were grown on glass substrates held at 500 °C from a
one-pot solution of 'BuAsH. (5.5 mmol) and GaMes (1.8 mmol) in 30 mL of toluene
via the AACVD method. The films appeared grey/blue in colour and were well

adhered to the substrate passing the Scotch™ tape test.

X-ray diffraction performed on the GaAs films show them to be in the expected cubic
phase with peaks at 27.3°, 45.4° and 53.8° for the (111), (220) and (311) reflections
respectively (Figure 1a). The Scherrer equation was applied to the XRD data to
determine an estimate of the average crystallite size of 17 (x2) nm (see supporting
information). Texture coefficient calculations indicate that the films have
crystallographic preferred orientation in the (311) direction and a lack of orientation
in the (220) direction with respect to the GaAs standard pattern (see supporting

information). This is primarily due to the strain caused by interactions between the



film and the amorphous glass substrate, which is also the reason for the deviation in
the lattice parameters. This phenomenon has been observed previously even for
polycrystalline metal oxide systems grown on glass.?’ There was no deviation in unit
cell volume from standard data for the deposited films. This was calculated by fitting
a Le Bail model to the XRD pattern using GSAS and EXGUI programs (see
supporting information).!
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Figure 1: a) The powder XRD pattern for the polycrystalline GaAs film grown at 500 °C from a
toluene solution of 'BuAsH: and GaMes. Standard GaAs pattern is also shown. b) Raman
spectrum showing both the LO (at 289.3 cm™) and TO (at 268.2 cm™) peaks. ¢) UV-vis spectrum
showing the transmittance of the film. d) EDX mapping from the surface of the AACVD grown
film through the bulk to the substrate. The lack of colour (blue for As, turquoise for Ga, red for

C, orange for O and green for Si) indicates the absence of the element in that region.

Figure 1b shows the Raman scattering data from the GaAs film with the longitudinal
optical (LO) phonon mode observed at 289.3 cm™ and the transverse optical (TO)
mode at 268.2 cm™. These values compare well with literature although there is a
small red shift in the peak positions which is indicative of tensile strain of the

lattice.2223

The UV-vis spectrum of the film shown in Figure 1c is typical of what is expected for

GaAs, transmittance is high (ca. 70%) in the near infrared region. The film absorbs in



the visible region with the direct band gap calculated via the Tauc method to be 1.53

eV, slightly blue shifted compared to literature findings.?42°

Energy dispersive X-ray spectroscopy (EDX) showed the films to have a Ga to As
ratio of 1:1 with no contaminants other than the expected O and C. This is primarily
due to the clean film synthesis route involving a solution of only ‘BuAsH2, GaMe; and
toluene. Further evidence for the purity of the film is shown by EDX mapping (Figure
1c). The mapping was carried out on a region ca. 400 nm wide from the surface of the
film to the glass substrate, this revealed that the As and Ga levels were in equal
measure as indicated by the homogeneity of the blue and turquoise colouration in
Figure 1c. Also, the lack of colour in the C (red), O (orange) and Si (green) graphs
indicates the absence or below detection limit levels of these elements in the bulk of

the film. The O and C contaminants detected were only on the surface of the film.

Analysis of the film surface morphology via scanning electron microscopy (SEM)
show it to consist of closely packed domes some of which are 100-150 nm wide
(Figure 2 and b). The sizes of these domes are much smaller than what can be
achieved on lattice matched single crystal GaAs or Ge substrates that can be as large
as a few micrometers. This is due to the templating effect lattice match substrates
have on the growing film, evidently this templating does not take place when the
substrate is amorphous. Thus resulting in smaller crystallites/grains as observed here.
Typically smaller crystallites/grains would have a negative impact on device
properties due to grain boundaries acting as charge carrier recombination and

scattering sites (leading to reduced carrier mobility).



Figure 2: a) SEM micrograph of the GaAs film grown via AACVD at 500 °C. The morphology

consists of densely packed domes roughly 100 -150 nm in diameter as shown in inset (b).

High-resolution transmission electron spectroscopy (HRTEM) data shown in Figure 3
reveal the polycrystalline nature of the film with highly crystalline grains as indicated
by the well-defined lattice fringes (Figure 3b). There is a variation in the grain size
from the surface to the bottom of the film close to the substrate (Figure 3c and d). As
expected the region close to the substrate is made up of smaller grains (average 30
nm) due to film growth taking place on an amorphous substrate, as film thickness
increases the grains become larger (average 66 nm) because the layers beneath act as
crystalline templates facilitating a more ordered and hence more crystalline growth.

Some grains analysed were as large as 150 nm in width.
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Figure 3: a) HRTEM of the GaAs films grown at 500 °C under ambient pressure shows good

crystallinity with well-separated lattice fringes (b). ¢) And d) show the grain size distribution

near the surface and bottom (close to the substrate), respectively, as determined via HRTEM.

The grains are larger near the surface due to templating effects.

In addition, darkfield and lightfield cross sectional images (Figure 4a and b

respectively) of the film show good crystallinity perpendicular to the substrate

indicating columnar film growth. This, coupled with the large grain sizes (Figure 3c),

is advantageous as it reduces grain boundaries and hence decreases charge carrier

recombination that can be detrimental to photovoltaic and other electronic devices due

to reduced fill factor and open circuit voltage and efficiency.?



Figure 4: The darkfield (a) and lightfield (b) show the columnar nature of the film growth,

reducing grain boundaries in the vertical direction.

X-ray photoelectron spectroscopy (XPS) measurements showed the presence of Ga,
As, O and C on the surface. Deconvolution of the As 3d peak revealed an As 3ds
peak at 40.5 eV matching As bound to Ga, the corresponding Ga in GaAs showed a
3ds2 peak at 19.3 eV.?” As and Ga oxide peaks were also present in both the 3d
spectra due to the native oxide layer that is typical of GaAs.?” However upon
sputtering the surface these peaks disappeared corresponding well with what was
observed from the EDX mapping experiments (Figure 1c). XPS depth profiling
(Figure 5a - d) also showed that after 1000 seconds of etching the film was void of

both carbon and oxygen contaminants (Figure 5c and d).
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Figure 5: XPS depth profiling study showing a) As 3d, b) Ga 3d, ¢) O 1sand d) C 1s. C and O are

mainly surface bound

Further analysis for low concentration of C, O and Si contaminants in the bulk of the
film was carried out using depth profiling secondary ion mass spectroscopy (SIMS)
(Figure 6). As was used as the reference matrix element. In general the signals for C
and O are low in the bulk of the film at below 3 x 10 and 5 x 10%° atoms/cm?®
respectively. Due to the relatively low temperature of the fabrication, Si diffusion into
GaAs film from the glass substrate is minimized (secondary ion intensity was in the
order of x 10* counts per second) even near the film-substrate junction. The SIMS
data also correspond well with the observations made using EDX mapping and XPS

depth profiling analysis.
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Figure 6: SIMS analysis showing the C and O levels on the surface and the bulk of the film, SIMS
also confirmed that there was no contamination from Si in the film. SIMS data matches well with

EDX mapping and XPS analysis.

The valence band spectrum shown in Figure 7 for the film matches well with
literature observations and (as presented) with our calculated density of states
simulations. In particular, the peak positions at binding energies 2.2 eV, 7 eV and
12.0 eV, that originate from outermost atomic s and p oribitals of Ga and As, are in
excellent agreement with our hybrid density functional calculations and literature
reports. Furthermore, the shoulder at 3 eV on the peak at centered at 2.2 eV for the
GaAs was also observed in the simulated spectrum and literature findings. Conversely
the small bump observed at 9.5 eV in the experimental data was not observed in the
calculated plot. This discrepancy may be due to the XPS valence band analysis being
surface sensitive whereas the DOS calculations are based on bulk GaAs.

The Fermi level in GaAs, as for typical n type semiconductors, is restrained near the
mid way point between the valence and conduction band by negatively charged
surface states. Hence the Fermi level lies lower than expected giving rise to a band

edge near 0 eV.?8
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Figure 7: XPS valence band of the GaAs film as compared to a stimulated DOS model.

Conclusion

In conclusion, we demonstrate the possibility of an inexpensive and high throughput
method to GaAs from readily available precursors in a toluene solution for
photovoltaic applications. The use of the solution based AACVD technique enables
high quality GaAs layers with good crystallinity (grain size up to 150 nm) on non-
lattice matched inexpensive substrates, low contamination levels (O and C only
surface bound). The film was also stoichiometric without the need for a great excess
of 'BuAsHs..

Experimental

Caution! Trimethylgallium and tertbutylarsine are pyrophoric substances that ignite
spontaneously in air and therefore must be handled under an inert atmosphere.
Tertbuylarsine is highly toxic and must be handled with care. All experiments must be
carried out in a fume cupboard. Post deposition the films are air/moisture stable and

safe to handle, all reactive species leave via the exhaust during the AACVD process.



Trimethylgallium (99.999%) was used as received from SAFC Hitech Ltd.
Tertbutylarsine (99.999%) was purchased from and used as received from Dockweiler
Chemicals. Toluene was purchased from Alfa Aesar and stored under alumina
columns and dried with Anhydrous Engineering equipment.

To form the precursor solution, ‘BuAsH: (0.74 g, 5.5 mmol) was dissolved in toluene
(15 mL) at -78 °C. GaMes (0.21 g, 1.8 mmol) was dissolved in toluene (15 mL) at -78
°C. The 'BuAsH: in toluene solution was added drop wise to the GaMes/toluene and
allowed to reach room temperature under stirring before deposition was carried out at
500 °C.

Depositions were carried out under nitrogen in a cold wall reactor. The precursor
mixture was placed in a glass bubbler and an aerosol mist was created using a
piezoelectric device (Vicks ultrasonic humidifier, model number: 4022167500175)
placed below the bubbler containing ‘BuAsH; (5.5 mmol) and GaMes (1.8 mmol) in
30 mL of toluene. The precursor flow was kept at 0.5 L.min%. The glass substrate was
Corning glass (size 15 cm x 4 cm x 0.1 cm) and was cleaned using distilled water,
isopropanol and acetone. A top plate was suspended 0.5 cm above the glass substrate
to ensure a laminar flow. The substrate temperature was kept at 500 °C. Deposition
time was 60 minutes. After the deposition the bubblers were closed and the substrates
were cooled under a flow of nitrogen. At the end of the deposition the nitrogen flow
through the aerosol was diverted and only nitrogen passed over the substrate. The
glass substrate was allowed to cool with the graphite block to room temperature

before it was removed. Coated substrates were handled and stored in air.

X-ray diffraction (XRD) was carried out using a microfocus Bruker GAADS powder
X-ray diffractometer with a monochromated Cu Ko (1.5406 A) source. X-ray
photoelectron spectroscopy (XPS) was carried out using a Thermo Scientific K-Alpha
instrument with monochromatic Al-K, source to identify the oxidation state and
chemical constituents. High-resolution scans were done for the Ga (3d), As (3d), O
(1s) and C (1s) at a pass energy of 40 eV. The Ga atom% was derived from the Ga-K,
line (9242.9 eV) and the As atom% derived from the As-L, (10532.0 eV). The peaks
were modeled using CasaXPS software with binding energies calibrated to carbon
(284.5 eV). Additional XPS measurements were carried out by Applied Materials,
Santa Clara, Ca, USA. SEM images were taken on a JOEL JSM-6301F Field



Emission instrument with acceleration voltage of 5 kV. Images were captured using
SEMAfore software. EDX was measured on a JOEL JSM-6301F Field Emission
instrument with acceleration voltage of 20 kV, the Ga atom% was derived from Ga-
Ko line (9243 eV) and the As atom% derived from the As Kq line (1053 eV). For both
SEM and EDX samples were cut to 10 mm x 10 mm coupons and coated with a fine
layer of gold (SEM) and carbon (EDX) to avoid charging. HRTEM and EDX
mapping was carried out on Titan 80-300 TEM with EDX at CAMCOR service at the
University of Oregon. SIMS was carried out by Evans analytical group, Santa Clara,

California.

Density functional theory (DFT) calculations were performed using the VASP?%%
code, with the projector-augmented wave approach® used to describe the interaction
between the core (Ga:[Ar] and As:[Ar]) and valence electrons. The calculations
implemented the screened hybrid functional as proposed by Heyd, Scuseria, and
Ernzerhof (HSE).*? To accurately reproduce the experimentally known band gap of
GaAs of 1.52 eV at 0 K3, an exchange value of 30%, was utilized. The HSE approach
consistently produces structural and band gap data that are more accurate than
standard density functional approaches, such as the local density approximation
(LDA) or the generalized gradient approximation (GGA).3*2° A cut-off value of 600
eV and a k-point mesh of 8x8x8 centredon the r point, were found to be sufficient. All
calculations were deemed to be converged when the forces on all atoms were less than
0.01 eV A L. Spin orbit effects were included in all calculations.

The minimized lattice parameters were 5.65 A, with a band gap of 1.52 eV and a spin
orbit splitting of 361 meV, in excellent agreement with low temperature
experiments.®® 441 The PEDOS contributions were weighted by the known x-ray
photoionization cross section®? of their respective atoms and were then summed,
resulting in the total VB-DOS. The weighting was performed to accurately represent

the processes that contributed to the experimental XPS data.
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