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Abstract: In this paper, we report on the structural and electronic properties of polycrystalline gallium
antimonide (poly-GaSb) films (50-250 nm) deposited on p* Si/SiO, by metalorganic vapour phase
epitaxy at 475 °C. GaSb films grown on semi-insulating GaAs substrates are included as comparative
samples. In all cases, the unintentionally doped GaSb is p-type, with a hole concentration in the range
of 2 x 10'® to 2 x 10'7 cm~3. Exceptional hole mobilities are measured for polycrystalline GaSb on
SiO; in the range of 9-66 cm? / Vs, exceeding the reported values for many other semiconductors
grown at low temperatures. A mobility of 9.1 cm?/Vs is recorded for an amorphous GaSb layer
in a poly-GaAs/amorphous GaSb heterostructure. Mechanisms limiting the mobility in the GaSb
thin films are investigated. It is found that for the GaSb grown directly on GaAs, the mobility is
phonon-limited, while the GaSb deposited directly on SiO, has a Coulomb scattering limited mobility,
and the poly-GaAs/amorphous GaSb heterostructure on SiO, displays a mobility which is consistent
with variable-range-hopping. GaSb films grown at low temperatures demonstrate a far greater
potential for implementation in p-channel devices than for implementation in ICs.

Keywords: polycrystalline; amorphous; low temperature; thin films; high mobility

1. Introduction

Since the invention of the transistor, advancements in its technology have almost
exclusively been achieved through dimensional scaling. As progress made through this
conventional approach begins to plateau, new pathways must be investigated. Traditional
von Neumann architecture involves a separation between the computing and memory
components of an integrated circuit (IC) [1]. These components are integrated into a
2D plane and therefore longer bus lengths are required as the number of transistors
increases. In turn, this induces greater power losses and latency. Three-dimensional
integration has emerged as a promising solution. Here, memory and logic components are
interleaved, decreasing the bus lengths required to access off-chip memory while increasing
the functionality density and energy efficiency [2,3].

There are two main strategies that can be used to achieve this interleaved structure.
The first, often referred to as parallel integration, involves growing the different components
on separate wafers before bringing them together to be part of one larger heterostructure.
As each component is grown on its own substrate, the growth and doping processes
can proceed as normal. The difficulty arises when the components are brought together
and mechanical precision must be relied upon for alignment. The process of stacking
components can also lead to new defect types in between layers, which must be considered
when assessing performance [4]. In contrast, sequential, or monolithic, integration involves
each layer being grown on the same substrate, one above the other. This means that
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rather than relying on mechanical precision to align the layers, the superior accuracy
of lithographic precision is now employed [5]. However, this proposed structure is not
without its obstacles—namely, the low thermal budget necessary for growth or processing
on the upper transistor layers of the structure (normally <500 °C). During conventional
processing, dopant activation is often the highest-temperature step [6].

Several studies have reported success in growing materials with high electron mobili-
ties at low temperatures, including metal oxides [7-9], metal oxide heterojunctions [10],
and 2D materials [11-13]. However, if these materials are to be implemented in CMOS
architectures, p-type counterparts must be developed. While there are many options for n-
and p-type metal oxide semiconductors, p-type semiconductors grown at low temperatures
do not exhibit impressive hole mobilities [14]. Organic semiconductors provide some
p-type options; however, they, too, do not possess high hole mobilities for a number of
reasons [15].

In this study, we investigate low-temperature (<500 °C) grown p-type polycrystalline
gallium antimonide (poly-GaSb), a material that does not require intentional doping or
dopant activation (thereby allowing us to circumvent this traditionally high-temperature
step). The native hole concentration of GaSb is found to originate from Ga vacancies and
anti-site defects [16]. Antimony-containing compounds possess the highest bulk mobilities
of all III-Vs, and GaSb exhibits a bulk hole mobility double that of silicon. Mobility is one of
the most important parameters of a semiconducting material, as it determines how it will
perform in a field-effect device. A high mobility allows the device to respond quickly when
a field is applied and operate at lower fields without compromising on performance [17].
This would allow for a reduction in the operating voltage, thereby reducing the power
dissipation [18]. For CMOS architectures, the dimensions of n- and p-type components
are proportional to the n- and p-type mobilities. The n- to p-type mobility ratio of GaSb
is low (/=8) compared to that of other materials, making it an attractive candidate for
implementation in CMOSs, which make up the majority of IC technology in use today [19].
Polycrystalline GaSb with high hole mobilities has previously been achieved using higher
temperatures [20] or III-V substrates [21]. Growing polar GaSb on non-polar SiO; has
traditionally proven difficult [22], but a novel metalorganic vapor phase epitaxy (MOVPE)
“droplet epitaxy” method at 475 °C has been shown to work [23].

2. Materials and Methods

Poly-GaSb films (50-250 nm thick) were grown by MOVPE at 475 °C in a commercial
horizontal Aixtron 200 reactor using Ga(CyHs)3 and Sb(CHj3)s precursors. For samples
where a GaAs buffer layer was added, AsHjz was used as an arsenic source. Growth of the
films was achieved using a “droplet epitaxy” approach, whereby III-V precursor droplets
on the surface of the substrate were used as crystalline ‘seeds’ for further overgrowth [23].
For each deposition, a S5i/SiO, substrate (oxide thickness 110 nm) was loaded, along with a
semi-insulating (SI) GaAs reference substrate. Scanning electron microscopy (SEM) images
were taken using an FEI Quanta 650 FEG SEM. Electron dispersive X-ray (EDX) analysis
was performed in the SEM chamber using an Oxford Instruments Xmax EDX. Samples
were prepared for cross-sectional transmission electron spectroscopy (XTEM) imaging
using an FEI Helios NanoLab 600i dual-beam focused ion beam (FIB). Carbon and/or
platinum protective layers were deposited before the XTEM was performed using a JEOL
JEM-2100. Hall effect measurements were taken on a LakeShore Model 8404 AC/DC
Hall effect measurement system, using both (room temperature) RT and closed-circuit
refrigeration (CCR) modes. Pieces measuring 1 x 1 cm? were cut from the center of the
sample and the van der Pauw configuration was used for the Hall effect measurements. X-
ray diffraction (XRD) analysis was carried out using a Philips Xpert PW3719 diffractometer
with Cu K« radiation.
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3. Results

Different nominal thicknesses of poly-GaSb films were investigated with regard
to their morphology, actual thickness, and in-plane continuity when grown on SiO,.
Figure 1a—c show SEM images of poly-GaSb films of several nominal thicknesses. It is
clear from Figure 1a that the nominally 50 nm film is not uniform across the area shown
in the image, with some areas appearing to show gaps in the underlying oxide. Both the
nominally 150 nm (Figure 1b) and 250 nm (Figure 1c) poly-GaSb films show a similar
morphology of a relatively flat layer, followed by nanowire-like growth. For the 150 nm
sample, the seemingly continuous level is thinner and appears less uniform than that of
the 250 nm sample. Figure 1d shows a 50 nm GaSb film grown on the non-deoxidized SI
GaAs reference substrate. This sample shows a much smoother and more uniform film
than its counterpart on the Si/SiO; substrate. To try and replicate these qualities on the
SiO, substrate, a GaAs buffer layer was added to form a GaAs/GaSb heterostructure. It
is clear from Figure le that this method greatly reduced the roughness and improved the
continuity of the 50 nm GaSb film when grown on Si/SiO, (AFM results from the 50 nm
GaSb films with and without a GaAs layer on SiO, are shown in Figure S1). This was also
true for the reference SI GaAs substrate, as shown in Figure 1f.

Room temperature Hall effect measurements were obtained (Table 1), with the nomi-
nally 250 nm GaSb film returning an impressive hole mobility figure of 66.5 cm?/Vs, which
far exceeds the reported values for metal oxide semiconductors [14,24,25] and 2D materi-
als [26,27] grown at <500 °C on amorphous substrates. There was no significant difference
between the hole mobility results for the 50 nm and 150 nm films (24.2 and 22.9 cm?/Vs
respectively), suggesting that complete film continuity was achieved somewhere between
the nominal 150 and 250 nm thicknesses. Table 2 shows the results for films grown on
GaAs substrates. Mobility increased with thickness, without the sudden increase between
150 and 250 nm films that was evident for the films grown on SiO,, and which was taken as
an indication of the onset of film continuity. The carrier concentration results for the films
listed in Tables 1 and 2 were relatively similar for all of the films, apart from the 50 nm
GaSb on SiO,, which had a carrier concentration at least an order of magnitude lower than
that of the other films whose results are presented here. For device applications, thinner
and smoother films are preferable. While the addition of a GaAs buffer layer resulted in
significant morphological improvements for the 50 nm GaSb film on Si/SiO,, the hole
mobility reduced to 9.1 cm?/Vs (compared to 24.2 cm? / Vs for the same film grown directly
on Si/Si0O, without the 50 nm GaAs buffer layer). The same heterostructure implemented
on a GaAs substrate had the opposite effect on mobility, which increased from 76.8 to
218.57 cm?/Vs.

Table 1. Room temperature Hall effect measurement results for poly-GaSb films grown on SiO, at
475 °C.

250 nm GaSb 150 nm GaSb 50 nm GaSb 50 nm GaAs + 50 nm

on SiO, on SiO, on SiO, GaSb on SiO,
Hall Mobility
(cm?/V-s) 66.5 229 24.2 9.1
Carrier Type p 4 p p
Sheet carrier 12 12 10 12
conc. (cm2) 4.6 x 10 3.26 x 10 9.92 x 10 1.65 x 10
Carrier gonc 1.84 x 10V 2.17 x 10V 1.98 x 1016 1.37 x 1077

(em ™)
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Table 2. Room temperature Hall effect measurement results for poly-GaSb films grown on GaAs at

475 °C.
250 nm GaSb 150 nm GaSb 50 nm GaSb 50 nm GaAs + 50 nm
on GaAs on GaAs on GaAs GaSb on GaAs

Hall Mobility

(cm?/V-s) 293.2 172 76.8 218.57
Carrier Type P P p P
Sheet carrier 12 12 12 12
conc. (cm~2) 292 x 10 5.92 x 10 4.27 x 10 1.65 x 10
Caf(f;ff_%;’“‘:' 1.17 x 10V 3.9 x 107 8.54 x 1017 3.3 x 10V

Figure 1. SEM images: (a) 50 nm GaSb on SiO,, (b) 150 nm GaSb on SiO;, (c) 250 nm GaSb on SiO,,

(d) 50 nm GaSb on SI GaAs, (e) 50 nm GaAs + 50 nm GaSb on SiO», and (f) 50 nm GaAs + 50 nm
GaSb on SI GaAs. All scale bars are 1 um.
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To investigate this surprising result from the 50 nm GaAs + 50 nm GaSb sample and
to gain further knowledge of the actual thickness and structure of other films, XTEM was
performed. Figure 2a shows a representative area of the nominally 50 nm sample. XTEM
confirmed the polycrystalline nature of the GaSb present on the substrate; however, there
was a lack of uniformity over the area of the lamella in the image. Taking the Hall mobility
results into account (Table 1), it is reasonable to assume that there are 3D percolation paths
present in this film, allowing for carrier transport. The 250 nm GaSb film (Figure 2b) was
also confirmed to be polycrystalline. From the cross-section, the continuous layer seen in
the SEM images is also evident, along with a nanowire-like growth.

Figure 2. XTEM images of (a) 50 nm GaSb on SiO,, (b) 250 nm GaSb on SiO;, and (c) 50 nm GaAs +
50 nm GaSb on SiO;,. (d) STEM of 50 nm GaAs + 50 nm GaSb on SiO;.

Interestingly, while the initial nominally 50 nm GaAs buffer layer displayed in
Figure 2c shows a polycrystalline structure, the subsequent nominally 50 nm GaSb does
not, and in fact appears to be amorphous. This would explain the drop in the mobility
between the film without the GaAs buffer layer and the film with the GaAs buffer layer.
The scanning transmission electron microscopy (STEM) image (Figure 2d) gives a wider
view of the overall topography of the two layers. The GaAs layer has a saw-tooth shape
consistent with {111} facets [28], while the amorphous GaSb layer fills in the facets and has
an overall smoothing effect. EDX was used to confirm that the elemental make-up of the
layers was as expected (resulting in the spectra shown in Figure S2).
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To determine if the GaSb grew in an amorphous form and to rule out amorphization
during the preparation for XTEM using the FIB, an XRD analysis was performed on a part
of the sample which had not gone through the preparation on the FIB. Figure 3 shows the
resulting spectrum. The GaAs reflections were intense and indicate a polycrystalline layer
with regions of good-quality crystalline GaAs. Several weak peaks could be identified
for GaSb, suggesting that it may have contained very small regions with some level of
crystallinity, but that its dominant phase was amorphous. In comparison, the 50 nm GaSb
on SiO; and 50 nm GaAs + 50 nm GaSb on SI GaAs both showed strong peaks for the
crystalline GaSb phases and so were not amorphous.

F N v 1 v T T T T
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] (311)

F

[ Gasb
[(220)
[

[. 50nm GaSb on SiO,

GaAs GaAs (004)
004)  (400)

Intensity (a.u.)
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!
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20 (Degrees)

Figure 3. XRD of 50 nm GaAs + 50 nm GaSb on SiO;, 50 nm GaSb on 5iO,, and 50 nm GaAs + 50 nm
GaSb on GaAs.

To understand the mechanisms and limitations of the hole mobility of poly-GaSb
films, temperature-dependent Hall effect measurements were performed. It is clear from
Figure 4a,b that the dominant scattering mechanism limiting the mobility was different
for the 250 nm GaSb grown directly on the SI GaAs substrate than for the 250 nm grown
directly on the Si/SiO, substrate. For the GaSb grown directly on the SI GaAs substrate
(Figure 4a), mobility decreased as the carrier concentration and temperature increased.
This observation is consistent with phonon scattering [29]. For the GaSb grown directly
on the 5i/SiO, substrate (Figure 4b) and for the 50 nm GaAs + 50 nm GaSb grown on
the Si/SiO, heterostructure (Figure 4c), both the carrier mobility and the concentration
increased as the temperature increased. This could be a result of thermionic emission over
grain boundary potential barriers [30] or Coulombic scattering [31].
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Figure 4. Carrier mobility and concentration of (a) 250 nm GaSb on a SI GaAs substrate, (b) 250 nm GaSb on a 5i/SiO,
substrate, and (¢) 50 nm GaAs + 50 nm GaSb on a Si/SiO, substrate.

Further analysis was performed on the temperature-dependent results of the 250 nm
GaSb on Si/Si0O; and the 50 nm GaAs + 50nm GaSb on Si/SiO,, where the exact mechanism
limiting the mobility was not immediately obvious. The 250 nm GaSb on the S5iO, sample
shows an initially linear region and then begins to turn over at higher temperatures,
transitioning into another region with a different limiting mechanism. The following
equation shows the temperature dependence of the Coulombic scattering limited mobility:

30 - V27 - €2 -a® - (kT)*/?
Naist - € f2 Ap - /m

where ¢ is the dielectric constant, a is the distance between centers, T is the temperature,
Nyig1 is the concentration of dislocations, e is the elementary charge, f is the occupation
rate of the centers, and Ap is the Debye screening length [32]. From this equation, we can
see that the Coulombic scattering limited mobility should increase with a slope of 3/2 as
the temperature increases on a log-log scale. This is close to the experimental value of
1.57 which was observed for the 250 nm GaSb on a Si/SiO, substrate between 200 K and
280 K, Figure 5a. The observation that the mobility begins to turn over in Figure 4b and
tend towards a negative slope as the temperature continues to increase is consistent with
observations from previous studies [31]. This transition is due to the mobility becoming
phonon-scattering-limited at higher temperatures.

)

Haisl =
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Figure 5. (a) log—log plot of hole mobility vs. temperature for 250 nm GaSb on SiO, over temperature range of 200-280 K,
and (b) plot of In conductivity vs. T~1/4 for 50 nm GaAs + 50 nm GaSb on SiO,.

Figure 5b shows the natural log of the conductivity obtained from the Hall effect
measurements on the amorphous GaSb with the GaAs buffer layer plotted against T~1/4.
This results in a linear plot, which is consistent with 3D variable-range-hopping limited
mobility. Mott’s Law [33] shows the following relationship:

1/4
Inc=A— (?) (2)

From this equation, we can see that the slope of the In conductivity vs. T~1/4 graph
should be equal to Ty'/#. This yields a value for Ty of 4.3 x 108 K, which is similar
to previously reported values for amorphous Germanium [34] and poly-Si [35]. Ty is
defined as: g

0 s @ o
where B is a numerical coefficient, g(u) is the density of states at the Fermi level, and a is
the localization of the states near the Fermi level [36]. Variable-range-hopping occurs when
the temperature is low enough for the resistances between neighboring states to become
greater than those between faraway states, which exist in a narrow energy band near the
Fermi level. As the temperature decreases, the average hopping-distance increases with
T-1/4[36].

4. Discussion

We investigated high hole mobility polycrystalline (66.5 cm?/Vs) and amorphous
(9.1 cm?/Vs) GaSb grown on amorphous substrates. The hole mobility of 9.1 cm?/Vs
obtained for the amorphous GaSb layer as part of a GaAs/GaSb heterostructure exceeds
previously reported hole mobilities for amorphous semiconductors on amorphous sub-
strates [37-39]. Factors limiting the hole mobility in the GaSb films were investigated
through temperature-dependent Hall effect measurements. The dominant limiting fac-
tor was found to vary depending on the substrate and the presence/absence of a GaAs
buffer layer. For the GaSb deposited directly onto GaAs, the mobility was phonon-limited,
the GaSb grown directly on SiO, had a Coulomb scattering limited mobility, and the
amorphous GaSb film with a GaAs buffer layer on SiO, displayed a mobility that was
variable-range-hopping limited. Both the polycrystalline and the amorphous GaSb films
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studied in this paper show promising potential as high hole mobility semiconductor
materials grown below 500 °C, compatible with back-end-of-line integration.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11111348/s1: Figure S1. AFM results for (a,b) 50 nm GaSb on SiO,, and (c,d) 50 nm GaAs
+ 50 nm GaSb on SiO;,. Figure S2. EDX of cross-sectional lamella taken from heterostructure of 50 nm
GaAs + 50 nm GaSb on SiO,.
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