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A technology has been developed and an optimal solution has been found for obtaining p%-n° junctions
based on lightly doped GaAs layers, with high values of electrical parameters and specified thicknesses of
the base layers for creating ultra-high-speed high-voltage pulsed three-electrode switches with a photon-
injection mechanism for the transfer of no ne quorum charge carriers. The dependence of the switching sta-
bility relative to the control pulse of the created high-voltage photonic-injection switches in a wide current
and frequency mode of their operation, its sensitivity to various external and internal influences of these
parameters has been studied. Those on the thickness of the p°-layer, on the transfer coefficient «, on the
breakdown voltage Utrial, high-voltage p°-n® transition, on the thickness of the solution-melt, on the tem-
perature of the onset of crystallization, as well as the dependence of the transfer coefficient on the thickness
of the p°-layer.
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1. INTRODUCTION

As is known, to create subnano - and picosecond pho-
ton-injection switches based on GaAs and AlGaAs heter-
ostructures, the main need is:

1. Determination of the optimal temperature-time
regime for the reproducible production of an n*-p%-n®
transistor structure with a high-voltage p°-n° junction,
in liquid-phase epitasis (LPE), formed due to back-
ground doping with specified parameters and the crea-
tion of sub nanosecond powerful switches based on them.

2. Study of the influence of the main technological
factors: the temperature of the onset of crystallization
tn.cr., the thickness of the solution-melt 4, the hydrogen
flow rate F, the static turn-on voltages Uor, the control
current Ip, and the dynamic parameters — current rise
time, turn-on delay time relative to the control impulse,
the stability of switching on switching structures [1-15].

Conducting research on the creation of high-power
high-voltage switching device structures based on lightly
doped gallium arsenide is associated with the need to
search for alternative principles for switching electrical
power in the sub nanosecond and picoseconds time ranges.
Since modern laser, accelerator and location technology,
thermonuclear energy, picosecond spectroscopy of liquids
and solids, topography, radio engineering, digital technol-
ogy and a number of areas of converter technology require
the creation of semiconductor switches of this power range,
which have the traditional advantages of semiconductor
devices: long service life, reliability, high efficiency and,
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which is extremely important for a number of applications,
resistance to external influences (radiation, temperature)
and instant readiness for operation.

Due to the need for location technology, defense, dig-
ital technology, two new switching principles have been
developed - using a control plasma layer and using a de-
layed shock-ionization wave, which made it possible to
increase the power switched by devices in the nanosec-
ond range by almost two to three orders of magnitude
and in the picosecond range by almost four orders of
magnitude [16, 17].

The speed, the magnitude of the absolute and specific
power switched by semiconductor devices largely de-
pends on the processes of filling the region with electron-
hole plasma, which has a high resistance in the initial
state and blocks the applied external voltage. Such a re-
gion is the region of the space charge, depleted by the
strong field of the reverse-shifted p-n junction.

Powerful semiconductor devices developed on the ba-
sis of silicon, such as pulse sharpeners of diode, transis-
tor and thyristors types, operating on the principle of
switching using a delayed shock-ionization wave, re-
quired the development of new circuitry, a new direction
of research using new materials, primarily GaAs and
hetero structures on its basis [18, 19].

Currently, epitaxial methods for obtaining single-
crystal layers are widely used for the manufacture of
various semiconductor devices. Epitaxial growth meth-
ods make it possible to combine in time the process of

https://jnep.sumdu.edu.ua

© 2024 The Author(s). Journal of Nano- and Electronics Physics published by Sumy State University. This article is

distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.

Cite this article as: A.M. Sultanov et al., J. Nano- Electron. Phys. 16 No 1, 01006 (2024) https://doi.org/10.21272/jnep.16(1).01010


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
https://jnep.sumdu.edu.ua/
https://int.sumdu.edu.ua/en
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.21272/jnep.16(1).01010
https://doi.org/10.21272/jnep.16(1).01010
mailto:sultanov.nammti@gmail.com
mailto:yusupov.nammti@gmail.com
mailto:rgrakhimov@gmail.com

A.M. SurLtaNoV, E.K. Yusuprov, R.G. RAKHIMOV

crystallization of a semiconductor material and the pro-
duction of a device structure. Gas-transport, molecular-
beam and liquid-phase epitaxial have received the main
distribution.

When developing high-voltage diodes, transistors
and thyristors, it is necessary to use GaAs with a con-
centration of the main charge carriers of 105cm or less.
A fairly common technology for obtaining such a mate-
rial is LPE, carried out in a quartz container with forced
cooling of a solution-melt of GaAs in Ga [20, 21]. This
method, in comparison with other methods for growing
epitaxial layers, makes it possible to obtain efficiently
injecting junctions. This is due to the fact that, when
GaAs is grown by this method, the internal quantum
yield of radioactive recombination is much higher than
when GaAs is grown from stoichiometric melts [22, 23].
This opens up the possibility of an unconventional ap-
proach to the design of high-voltage devices based on
hetero structures. In addition, this method has the fol-
lowing advantages over gas-transport and molecular ep-
itaxial: simplicity of equipment, higher growth rates, the
possibility of reducing the impurity background, etc. The
physicochemical foundations of LPE are well described
in a number of monographs [24] and books [25].

2. METHOD

LPE is an oriented crystallization of single-crystal
layers of semiconductor materials from solutions of
these materials. There are several methods of epitaxial
growth from a solution-melt: growth from a limited vol-
ume and growth from a semi-limited volume of a solu-
tion-melt. The method of growing epitaxial layers from
a limited volume of a solution-melt has received the
main distribution.

Under conditions of crystallization from limited vol-
umes of solutions-melts, both a significantly higher re-
producibility of obtaining layers with a given thickness
is achieved compared to crystallization from semi-lim-
ited volumes, as well as a higher degree of their planar-
ity. In addition, the growth of layers from a limited vol-
ume of a solution-melt makes it possible to control the
crystallization rates and conduct the process under con-
ditions closer to quasi-equilibrium.

Thanks to the development of technology for obtain-
ing high-voltage p-n junctions based on lightly doped
GaAs, 1t became possible to create pulsed transistors
and thyristors based on GaAs-AlGaAs hetero structures.
Studies have shown the prospect of using photon-injec-
tion mechanisms of coupling between p-n junctions in
high-voltage multilayer structures, the possibility of
switching high powers by three-electrode semiconductor
devices in the sub nanosecond range of durations [18].

Therefore, the improvement of the main parameters
and characteristics (increasing the operating voltage,
improving the speed, reproducibility and dependence of
the temperature effect, radiation) of switches is associ-
ated with an understanding of the technological pro-
cesses for the formation of high-voltage p-n structures,
the choice of the optimal geometry and the search for
new designs [19, 21].

The analysis of the literature data shows [1, 22-28]
that the production of lightly doped GaAs layers and the
formation of high-voltage p-n junctions in the process of
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growth have not been clarified, the nature of residual
impurities is not entirely clear, the influence of techno-
logical factors on the electrical properties has not been
studied, which makes it difficult to create high-voltage
switches with subnano and picoseconds speed.

The static and impulse characteristics of such device
structures obtained under various technological condi-
tions have not been studied at all.

The aim of our work is to obtain high-voltage p-n
junctions based on lightly doped GaAs layers, to study
the influence of technological factors on their main dy-
namic parameters and characteristics, to create power-
ful photon-injection pulse switches based on them with
subnano and picoseconds speed, to elucidate the possi-
bility of increasing the power of the switched gallium ar-
senide transistors and thyristors in the sub nanosecond
range.

3. METHODOLOGY

The proposed technologies for obtaining high-voltage
p-n junctions based on lightly doped GaAs allowed the
creation of pulsed transistors and thyristors based on
GaAs-AlGaAs hetero structures. We have optimized
technologies for obtaining high-voltage p-n junctions
based on lightly doped GaAs layers and creating sub-
nano and picoseconds speed photon-injection switches
based on the principle of photon transfer of non equilib-
rium charge carriers. The main attention is paid to the
features of obtaining device structures, the influence of
technological factors on the static and dynamic parame-
ters of switching structures in the mode of high currents
and voltages.

Liquid-phase epitaxial is the method of growing epi-
taxial layers from a limited volume of a solution melt to
obtain and fabricate device structures. Under conditions
of crystallization from limited volumes of solutions-
melts, both a significantly higher reproducibility of ob-
taining layers with a given thickness is achieved com-
pared to crystallization from semi-limited volumes, as
well as a higher degree of their planarity. In addition,
this method makes it possible to control the crystalliza-
tion rates, conduct the process under conditions closer to
quasi-equilibrium, and obtain "pure" and doped layers of
high-quality p-n junctions and multilayer device struc-
tures with specified electro physical parameters with
sufficiently high reproducibility.

The main problem in creating subnano and picosec-
onds switches based on GaAs is to obtain layers with a
given thickness of the base regions and a low dopant con-
centration. A study was made of the influence of techno-
logical factors on the properties of epitaxial layers and
p°-nf junctions.

To ensure the optimal impurity distribution profile
in a quartz container, from a limited volume of an arse-
nic melt solution in gallium on n*-GaAs substrates ori-
ented in the (100) plane, p°- and nf%-GaAs layers with
specified thicknesses were grown, which are the basic
regions of the structure.

The position of the p-n transition, the concentration
profile in the p° and n®layers, the thickness of the
pO-region in depending on the conditions for the for-
mation of an impurity background in the solution-melt
were obtained in advance planned limits.
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The lifetime of minority charge carriers (NCC) is an
important dynamic characteristic of a semiconductor de-
vice. In lightly doped GaAs, the CC lifetime is determined
mainly by the concentration of deep levels. Its value in
lightly doped regions of transistor and thyristors struc-
tures was determined by measuring the dissipation time
of the charge accumulated in these regions and was 50-
500 ns. Such a scatter in the values of the CC lifetime is
due to the concentration and capture cross section of un-
controllably introduced recombination centers.

The concentration of carriers in the p%- and n°- re-
gions ranged from 1.0 x 10> ecm 3 to 0.1 x 105 ¢cm -3, the
mobility of charge carriers was, t» = (5-6) x 103 cm2/V/Vs
in the nO-layer and up = (400-450) cm?2/V/Vs at 300 K. The
charge carrier motilities were determined by measuring
the Halle effect in the grown epitaxial layers.

The thickness of the nO-layer, exceeding the dimen-
sions of the space-charge layer at zero mixing of the p-n
junction, was (30-35) um and provided the possibility of
effective separation of electron-hole pairs created by ab-
sorbed radiation. The control of the position of the p-n
transition, the estimation of the size of the space charge
region was carried out by a method based on the obser-
vation of the electro-optical effect in gallium arsenide
during the passage of plane polarized infrared light
through the crystal.

For the efficient operation of thyristors and transis-
tors, the thickness of the p%-part should be as small as
possible, therefore, for them manufacturing can only be
used nt-pY-n0 structures with certain thicknesses p°- ar-
eas that provide high transfer coefficient values. Defined
the temperature dependence of p®-layer on temperature
the beginning of crystallization (Fig. 1), and coefficients
segregation of fine acceptor and donor impurities the
level of concentration and the degree of compensation.
In order to optimize the growth technology and the de-
sign of thyristors, the dependences of the transfer coef-
ficients of structures on the thickness of the low-re-
sistance part of the p%region and on temperature were
studied (Fig. 2).

It can be seen that the transfer coefficient « of tran-
sistor n*-pY%-n® structures drops sharply already at a
thickness p® = 30 um regardless of the temperature onset
crystallization. At the same time, the thickness of the
high-resistance parts hi - areas up to hi-120 pm are not
has a significant impact on the value transmission coef-
ficients.
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Fig. 1- Dependence of the thickness of the p°-layer on temperature
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Fig. 2 - The dependence of the transfer coefficient on the p°-layer

In the region of low values of a and large thicknesses
of pO-layer, there is a connection between « and produc-
tion technology.

It can be seen that the choice of liquid phase anneal-
ing is preferable, which is justified due to the higher val-
ues of the transfer coefficient.

This is especially important for technological control
of p0. Figure 3 shows dependence of the transfer coeffi-
cient n*-p°-n? structures on temperature. It can be seen
that a decrease with increasing temperature.

The decrease in a with increasing temperature can
be explained by the temperature dependence of the cap-
ture cross section G4n and GBn, which increase in this
temperature range by factors of 5 and 20, respectively.

The effect of temperature at the beginning of crystal-
lization and growth technology on the breakdown volt-
ages (Utial.) of a high-voltage p%-n® junction was studied
in n*-p%no structures for the possibility of obtaining
maximum voltages at the collector junction (Fig. 4). The
breakdown voltages increased significantly when p-n
junctions turned out to be displaced from the metallur-
gical boundary and formed during growth.
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Fig. 3 — The dependence of the transfer coefficient n*p®-n°
structure on temperature
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Fig. 4 - The dependence of U, high voltage p°-n° transition on
temperature
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From Fig. 4 it can be seen that the values of Ulial is
increase when using a higher temperature, the onset of
crystallization. The growth of Utial is explained. a de-
crease in the carrier concentration gradient in the region
of the p-n junction. However, with an increase in the
temperature of the onset of crystallization, the transfer
coefficient of the resulting n*-p®-nd structures decreases.
In high-voltage p°-n® junctions, the allowable voltages
are determined by the impurity concentration gradient
in the space charge region (SCR) of the junction and the
thickness of the n0 region. Therefore, the carrier concen-
tration gradient and the thickness of the n® region de-
termine the breakdown voltages of the p-n junction. All
research methodology developed and created in the
course of the work performed is given in [31].
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JocnimxeHus BINIMBY TEXHOJIOTIYHUX (pAaKTOPiB HA BUCOKOBOJILTHI po—nf
nepexoau Ha ocHOBi GaAs

A.M. Sultanov, E.K. Yusupov, R.G. Rakhimov
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Po3pobiieHo TexXHOJIOTI0 Ta 3HANIEHO ONTUMAJIbHE PIIIeHHS IJid OTPUMaHHS pO-nd ImepexoaiB Ha OCHOB1
ciaboseropanux mapiB GaAs 3 BUCOKMMY 3HAYEHHSIMH €JIEKTPUYHUX I1apaMeTPIB 1 3aJaHUMU TOBIIMHAMEI
0a30BUX IIAPIB IS CTBOPEHHS HAIIBU/IKICHIX BUCOKOBOJIBTHUX IMITYJIbCHUX TPHOX -€JIEKTPO/IHI IIepeMuKayi
3 POTOHHO-IHIKEKI[IMHIM MeXaHI3MOM IIepeHeceHHsI 0e3KBOPYMHUX HOCIIB 3apsiay. JlociiaxreHo 3aIesKHICTh
KOMYTAI[IMHOI CTIMKOCTI BiJf KEPYIOUOTO IMITYJILCY CTBOPEHUX BHCOKOBOJIBTHHX (DOTOHHO-IH/KEKITIMHUX IIepe-
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MHUKAYIB y IIHPOKOCTPYMOBOMY Ta YACTOTHOMY PEKHMI IX poOOTH, HOT0 YyTIUBICTE J0 PIBHOMAHITHUX 30BHI-
IITHIX T4 BHYTPIIIHIX BIUIMBIB IIUX ITapaMeTpiB. Bix ToBmmnu po-mapy, Big koedillieHTa mepeaadl «, Big Ha-
npyru 1mpo6oio UTpiast, BUCOKOBOJIBTHOIO mepexo iy p-nl, Bil TOBIIMHU PO3YMHY-PO3ILIABY, Bl TeMIIepaTypu
MIOYATKY KPHMCTAJII3Aallil, a TAKOMK SK 3aJIesKHICTD KoedillieHTa mepeaavi BiJ TOBIUHA pO-11apy.

Kmouosi cnora: Pinrxodasua emrakcis (POE), I'erepocrpyrrypu, BucokososbTamit po-n mepexina, Edexr
Xosna, @oHOBe JieTyBaHHsA, Po3unH-po3mIas.

01010-5



