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Abstract

Analysis of current GaAs and related device market initiated in a number of earlier works has been continued. Binary
semiconductor GaAs compound is a conventional MW electronics material. Until recently GaAs based HF ICs for mo-
bile phones were among the most rapidly growing segments of GaAs market. However the GaAs market development
trend is changing. Photonics and Terahertz engineering are becoming the new world GaAs market drivers. This means
that the current emphasize of GaAs single crystal technologies will shift toward vertical directional crystallization of
“optoelectronic quality” crystals. In the medium and longer terms the world GaAs wafer and epitaxial structure markets
will continue growing. In the shorter term we all will have to take into account COVID epidemic consequences. Still
the GaAs market is closely related to Smartphone market novelties. Quite probably after a long growth period the GaAs
market will keep on shrinking for the second consecutive year: GaAs production may decline by 11-12% in 2020. As-
suming that the epidemic will be somehow taken under control in 2021 the overall Smartphone production can probably
be expected to grow starting from 2021.

Currently the Russian market of semiconductor compounds for photonics and electronic components (GaAs etc.)
is but moderate and in predictable terms is not expected to achieve a level that is required for the emergence of a com-
petitive domestic manufacturer, even though all importation replacement programs are accomplished. Meanwhile there
is understanding that developing an advanced electronic components industry in Russia requires larger production of
source materials.
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now. The development of photonics and Terahertz (THz)
engineering industry has attained a level suggesting
that it will consume most of fabricated GaAs by 2025.

1. Introduction

This work is a continuation of an earlier one [1] and

aims at analyzing potential single crystal GaAs market
development trends for the period until 2025. GaAs was
invented and developed as a basic RF electronics mate-
rial but GaAs market development trends are changing

Requirements to GaAs for MW electronics differ from
those for photonics and THz engineering by a number
of important parameters, and their industry development
principles differ also. Therefore there will be inevitable
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changes in the currently established share of GaAs ingot
and wafer technologies in the market. This in turn implies
primary development of “optoelectronic quality” vertical
directional growth technologies of GaAs ingots with re-
quired parameters as well as appropriate equipment.

2. Gallium arsenide (GaAs): new
outlooks

In the mid 1960s US and USSR started investigating proper-
ties of GaAs single crystals, eventually coming to the deve-
lopment of high performance integrated circuits (IC) used
in smart weapon control systems and supercomputers. The
cost of RF transistors reduced considerably in the 2010s
upon the industrial implementation of 150 mm GaAs wafer
processing technologies. This has enabled their widespread
use in every application domain, from mobile phones and
base stations to radars and mm range communication sys-
tems. In 2019 RF applications reached 33% of GaAs mar-
kets by size and 37% by price. GaAs is also widely used in
optoelectronics as a basic material for LEDs. It seems ho-
wever that the current GaAs market development trend is
changing from RF-electronics to photonics. The threshold
seems to be the year 2017 when iPhoneX Smartphones
received a 3D scanning function with GaAs based verti-
cal cavity surface emitting lasers (VCSEL). Another qui-
te important milestone is the emergence of a GaAs based
quantum well staring focal plane array market. THz ran-
ge devices including GaAs based ones acquire increasing
importance in various applications (e.g. security, medicine
and image rendering) [1-4]. Main types of GaAs devices
along with their technologies are summarized in Table 1.

Table 1. Main types of GaAs devices and technology

Devices Structure Application GaAs
wafer
technology
type
Visible range | GaAlAs, GaAsP or | Standard luminance LEDs for VGF
LEDs incl. InGaAsP epitaxial | indicators, digital displays and
micro-LEDs layers on GaAs IR emitters; high luminance
wafers LEDs for backlighting,
illumination, alarm devices,
nameplates, car lights etc.
LEDs incl. GaAlAs, GaAsP | CD and DVD read/write units, VGF
VCSEL, etc. epitaxial layers | telecommunication devices,
EEL,IR, UV on GaAs wafers FOCL, medicine, printers,
etc. solid state laser excitation,
LiDAR optical detection
Solar cells doped GalnAs or | Space vehicle onboard power | VGF, LEC
AlGalnP epitaxial units; growing markets of
layers on Ge ground batteries of this type
Analog and GalnP, GalnAs, | High performance logic units, LEC
digital ICs AlGalnP etc. communication units for
epitaxial layers on | telecommunication systems,
GaAs wafers mobile phone power amplifiers
IR array GalnAs etc. Infrared night vision devices VGF
photocell epitaxial structures and THz range detectors
devices, THz | and quantum well
generators structures on GaAs

and detectors

wafers

The world market of GaAs devices was $10 bn in 2019
and will exceed $15 bn in 2027 (Fig. 1) [3].

3. GaAs single crystal growth:

specific features

As noted earlier [1, 2] industrial GaAs single crystals can
be subdivided in two large groups:
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Figure 1. World GaAs device market development and prediction, $ bn [3].
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» Semiinsulating (SI) GaAs with a high specific resis-
tivity / intrinsic conductivity (107 Ohmxcm). Used
in HF ICs and discrete microelectronic devices.

* Doped (SC) n-conductivity GaAs with a low dis-
location density. Single crystals of highly doped
(10"7-10'® cm) GaAs along with a high conduc-
tivity should have a highly perfect crystal structure.
They are used in optoelectronics for injection lasers,
LEDs and photodiodes, photosensitive cathodes,
MW and THz generators.

Industrial GaAs single crystals are grown using three
fundamental methods: Liquid Encapsulated Czochral-
ski (LEC), horizontal directional (Horizontal Bridgman
(HB) or Horizontal Gradient Freeze (HGF)) and vertical
directional (Vertical Bridgman (VB) or Vertical Gradient
Freeze (VGF)).

An important feature of LEC is that the single crystal is
grown in high axial and radial temperature gradients near the
crystallization front, i.e., where the plasticity of the material
is the highest. Crystal growth in high temperature gradients
by LEC entails a high dislocation density. Typical N, of un-
doped LEC single crystals may be as high as (1-2) x 10°cm™
for 100200 mm diam. ingots. LEC materials have more ho-
mogeneous specific resistivity distribution in wafer section.

VGF materials have a lower dislocation density. Un-
like MW devices, dislocations are detrimental in active
zones of light emitting structures as they cause fast device
performance degradation. Therefore the low dislocation
density N, requirement is the basic one for highly doped
wafer materials. There is the following commonly used
classification: LED fabrication requires crystals with N
<5 x 10°~1 x 10* cm?, while for laser fabrication crystals
with N <5 x 10° cm™ are needed.

Unlike MW ICs, the greatest device cost contribution
in optoelectronic device processes comes from operations
downstream of structure chipping. Therefore growing
larger diameter wafers is not of crucial importance for
optoelectronic device technologies. As a result LED and
laser technologies still consume lots of <100 mm wafers
although the industry can already deliver low dislocation
density single crystals as large as 200 mm in diameter.

Both LEC and VGF methods can provide SC and SI
GaAs single crystals. Importantly, VGF grown single
crystals are more expensive than LEC ones, owing to 4-5
times lower crystallization rates and no reseeding opera-
tion. Comparing the totality of the parameters for different
growth methods one can see that for most MW applica-
tions, it is preferred (at least economically) to use LEC
GaAs whereas VGF GaAs is indispensable for LED and
all optoelectronic applications (Table 2). For this reason
both methods have their market niches while VGF pre-
vails significantly. For comparison, whereas LEC GaAs
had a predominant market share in 2011, VGF materials
are expected to occupy 65% of the market in 2023 (Fig. 2).

4. GaAs epitaxy

GaAs devices are fabricated by metal-organic chemical
vapor deposition (MOCVD) epitaxy or molecular beam
epitaxy (MBE) on GaAs wafers (Fig. 3) [5, 6]. There are
currently more than 2500 LED structure growth plants
with a total cost of over $1 bn world over. They consume
more than 100 t of high purity Ga and As compounds
annually. By 2025 the number of growth plants is ex-
pected to grow by more than 6-fold, mainly driven by
the growth of laser LED and micro LED markets. Both
growth methods deliver structures with required doping
profiles over a wide range of doping impurity concen-
trations (105 x 10" em? for n-conductivity structures
and 10'-10% cm™ for p-conductivity ones) and allow fa-
bricating 3- and 4-component solid solutions of A3-B5
compounds with a composition control accuracy of within
1%. However the sharpness of concentration and doping
profiles for MBE structures is somewhat better than that
for MOCVD ones, and may reach 1-2 lattice parameters
under optimum conditions. On the other hand MOCVD
provides for higher layer growth rates (5-10 mm/h) and
is free from the metal source depletion problem typical of
MBE processes. Industrial synthesis of laser heterostruc-
tures by MBE and MOCVD is carried out in multiwafer
plants providing for a high homogeneity of parameters
across structure area (not worse than 1-2% for 6 wafers

Table 2. IR modules of some manufacturers with cooled GaAs quantum well photodetectors

T, }j__

iq\zp

Photodetector Model

Photodetector Array Format 320 x 256 640 x 480
Array Step, pm 30 25
Spectral Range, mm 7.5-9.0 7.5-9.0
Maximum Spectral 8.6 8.6
Sensitivity, mm

Time NETD, mK 25 35
Frame Rate, Hz 60 30

Cooling System Integral Stirling

IRnova320ER-LW IDCA  Irnova640 integral cooler DDCA Irnova640-ER split cooler DDCA

Integral Stirling

ASTROHN-640KYa20A89

640 x 512 640 x 512
25 20
7.5-9.0 8.3-8.7
8.6 8.7
30 30
107 50
Split Stirling ASTROHN-MKSS500 Integral Stirling
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Figure 2. SI and SC GaAs market segment dynamics [3].
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76.2 mm in diameter), high reproducibility of structure
parameters between processes and low defect density.
Most recent epitaxial technology achievements can pro-
duce sharp or gradual heterotransitions with high para-
meter reproducibility [3, 5].

$13.5min

5. New optoelectronic GaAs

applications

5.1. Laser diodes (VCSEL etc.).

Apple’s iPhoneX Smartphone was the first mass consu-
mer device to use the face recognition technology where
an IR photosensor scans user’s face to build a 3D model.
In iPhoneX 150-mm GaAs wafers are used for the fabri-
cation of face recognition VCSELs and photodetectors,
and this market will keep on growing (Fig. 4a).

LiDAR (Light Identification Detection and Ranging)
technology for retrieving and processing information on
remote objects with the aid of active optical systems is
the key technology that allows creating a 3D map of sur-
rounding areas for unmanned vehicles and in a wide range
of robotics applications. This new application uses high
power large size GaAs edge emission laser (EEL) devices
which are expected to give a strong impetus to the growth
of “photonic” GaAs wafer markets (Fig. 4b).

Expectably the segment of infrared LEDs on GaAs wa-
fers will also exhibit a dynamic growth until 2025. GaAs
infrared LEDs, used in medical blood pressure and blood
sugar sensors and in gesture recognition sensors of Smart-
phones and cars, are still another important segment of
the growing GaAs market [6—-10].

Hereinafter while analyzing GaAs application fields
we will for clarity classify conventional visible range
LEDs as the “LED” category, and VCSEL, EEL, IR etc.
LEDs, as the “optoelectronics” category.

5.2. Quantum well photodetector heat vision devices.

The growing demand for IR systems for military and ci-
vilian applications will entail expansion of the worldwide
thermal vision camera market in the next few years. The
thermal vision camera market for military and security
applications is predicted by analysts to exceed $2.4 bn
by 2023 due to aggravation of security problems. The
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Figure 4. Market dynamics and growth prediction for
(a) VCSEL LEDs [6] and (b) EEL LEDs [7].

significant expansion of short-wave range (0.9-1.7 mm)
IR systems has also entailed the emergence of cooled ar-
ray quantum well photodetector devices (QWIP) (Fig. 5.)
[11, 14, 16].

Table 2 shows some foreign and domestic models of IR
modules with cooled GaAs quantum well photodetectors.

5.3. THz optoelectronics.

The THz radiation region of electromagnetic radiation
lies between the infrared and the millimeter regions. Dif-
ferent sources provide different treatise of the boundaries
between these radiation types. For definitiveness, we will
accept that the THz region is within 0.1-10 THz (30-3000
mm) partially overlapping with the middle infrared (2.5—
50 mm) and the millimeter (30-300 THz, 1-10 mm) regi-
ons and includes narrower submillimeter and sub-THz re-
gions. Devices working in the THz region find increasing
applications (e.g. in security, medicine, astrophysics etc.).
Although the THz technologies have been developing
quite rapidly in recent years the fabrication of highly sen-
sitive compact detectors and THz radiation generators is
still a complex research task. The development of THz
technologies is complicated for their working ranges are
between the conventional radio frequencies and the op-
tical electromagnetic spectrum region. Detection of THz
radiation does not obey some fundamentals of photon and
electronic device operation. THz radiation has typically
low photon energies (4 meV for 1 THz radiation) and
hence photon THz devices with quantum transitions are
suitable for low-temperature operation only. The maxi-
mum operation frequency of electronic devices is deter-
mined by the electron path time in the device active re-
gion which in turn depends on carrier velocity. For GaAs
heterostructures the maximum electron velocity in the ac-
tive region is on the order of a few 107 cm/s whereas the
plasma wave velocity in the transistor sub-gate channel is
two orders of magnitude higher. This fact has allowed the
development of GaAs THz radiation detectors.

5.3.1. GaAs Shottky barrier THZ detectors

Shottky barrier structures are among the main THz tech-
nology components. Shottky diodes are considerably
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Figure 5. GaAs IR photodetector market development and prediction (pes/y) [3].
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faster than conventional p-n junction diodes, and this al-
lows their use at frequencies of up to several THz. This
property of Shottky diodes is accounted for by the fact
that charge transport in these devices occurs mainly by
thermal emission of electrons via the energy barrier at the
metal/semiconductor contact. These receivers are typical-
ly designed with Shottky diode beam contacts integrated
in antennas. Epitaxial GaAs is the most frequently used
semiconductor for planar Shottky diode mixers [14].

5.3.2. GaAs FET transistor THz detectors

Another widely used category of THz radiation detectors
are high electron mobility GaAs field effect transistor
(FET) detectors. The source and drain of these transistors
are interconnected by a planar channel filled with 2D
electron gas in which THz frequency plasma waves may
propagate. The nonlinear properties of plasma excitati-
ons (electron density waves) in nanosized FETs provide
their response at far higher frequencies than the device
threshold frequency due to ballistic electron transport.
These receivers may be operated over a wide temperature
range, up to room temperature [15].

5.3.3. Quantum well THZ, detectors

The possibility of THz radiation detection by GaAs
structure quantum well receivers is based on the use of
inter-subband transitions in periodical GaAs QW-struc-
tures, i.e., superlattices. These structures can be used as
wide-band THz detectors.

Currently THz device market is at an early development
stage, so one can hardly predict which share of GaAs prod-
ucts will be consumed by THz applications. It is however
undisputed that it will become quite big in the medium term.

6. GaAs market development until
2025

Analysts predict about 10% annual growth of the enti-
re GaAs wafer market until 2025. In financial terms the
GaAs wafer market will grow from $200 mln in 2019 to
$349 mln in 2025 [12, 13]. Market growth dynamics (in
USD) is shown in Fig. 6.

7. GaAs manufacturers worldwide
and in Russia and existing business
models

The major manufacturers of GaAs products (ingots, wa-
fers and epitaxial layers) are Freiberger Compound Materi-
als, AXT, Sumitomo Electric, China Crystal Technologies,
Shenzhou Crystal Technology, Tianjin Jingming Electronic
Materials, DOWA Electronics Materials, II-VI Incorporated,
IQE Corporation and Wafer Technology. Sumitomo Electric,
Freiberger Composite Materials and AXT lead the market
of large-size GaAs crystals with an approx. 95% total share.

Currently GaAs crystals in Russia are grown by
Giredmet JSC (Moscow, Rosatom Enterprise, LEC
method) and by Lassard Ltd. (Obninsk, VGF method).
Giredmet JSC and Lassard Ltd. have launched invest-
ment projects for GaAs technology development. Fur-
thermore, GaAs heterostructure fabrication was started
in 2019. JSC Ekran-Optical Systems started an MBE
plant based on developments of the A.V. Rzhanov Insti-
tute of Semiconductor Physics, Siberian Branch of RAS
(ISP) [17]. In 2020 researchers of the A.V. Rzhanov
Institute of Semiconductor Physics prepared for devel-
opment testing an experimental set of equipment for
synthesis of semiconductor structures on board the In-
ternational Space Station. Semiconductor fabrication on
Earth orbit will be started within the Ekran project, other
project participants being ISP, RKK Energia and NPF
Elektron Jsc., Krasnoyarsk. The semiconductor growth
plant is designed for automatic synthesis of semicon-
ductor materials. The plant will be installed on board
the ISS behind a special screen. The latter will be in
the form of a stainless steel disc moving with the ISS at
the Earth orbital velocity. The wake of the disc will de-
velop conditions for ultrahigh vacuum with parameters
unachievable on Earth. It is therefore hypothesized that
“space” semiconductor materials will be protected from
extrinsic atoms and therefore almost defect-free. These
materials will be suitable for example for the fabrication
of solar cells which find demand at the ISS. Research-
ers believe that the yield of these devices will be higher
than that of similar Earth-grown arrays due to the high
material quality [18].

Since new applications (laser and THz) impose ex-
tremely high and ever growing technical requirements to
GaAs wafers, analysts believe that the VGF method will be
dominating in this segment and the abovementioned mar-
ket players will retain their technical advantage for at least
3-5 years ahead. It is expected that Chinese GaAs wafer
suppliers like Violent Materials which have occupied part
of LED market that was formerly controlled by leading
suppliers will further increase their market share [3, 17].

- M LEDs
photonics
M displays
solar energy
M microwave applications

) -

300

GaAs wafer market ($ min)

2019 2025

Years
Figure 6. GaAs wafer market growth prediction for 2019-2025,
$ min [6].
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Different business models exist for the fabrication of
GaAs epitaxial structures and GaAs devices (Fig. 7). The
GaAs LED market is substantially vertically integrated.
There are renowned device manufacturers like Osram,
Sanan, Epistar and Changelight. Over recent years the
GaAs epitaxial structure segment has come through exten-
sive consolidation resulting in only four major manufac-
turers remaining in it: IQE, VPEC, Sumitomo Chemicals
(including Sumitomo Chemical Advanced Technologies
and SCOCS) and IntelliEPIL.

8. Conclusion

Photonic applications are becoming the main GaAs
market driver. In the medium and longer terms the
world GaAs wafer and epitaxial structure markets will
continue growing.

In the shorter term we all will have to take into ac-
count COVID epidemic consequences. This is important
for assessing GaAs production since the GaAs market is
closely related to Smartphone market novelties. Smart-
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