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Development of technology for creating high-voltage p°® — n° junctions based on GaAs

An optimal solution has been found to the problem of obtaining p0-n0 junctions based on lightly doped GaAs
layers with high values of electrical parameters and specified thicknesses of base layers to create ultra-fast
high-voltage pulsed three-electrode switches with a photon injection mechanism of minority charge carriers.
A technology has been developed for the formation of high-voltage, powerful subnano-second photonic injec-
tion switches based on gallium arsenide and its solid solutions. The dependence of the current rise time,
switching voltage and switching stability relative to the control pulse of high-voltage photonic injection
switches in a wide current and frequency mode of their operation, its sensitivity to various external influ-
ences, as well as dependence on the thickness of the p0-layer, on the transmission coefficient, on breakdown
voltage Uprobe Of the high-voltage p®-n® junction. The carried out studies and the obtained results indicate the
prospects of using the developed high-voltage pulsed semiconductor devices in picosecond optoelectronics
for pumping high-power laser and LED structures.

Keywords: Liquid-phase epitaxy (LPE), heterostructures, high-voltage p°-n° transition, Hall effect, back-
ground doping, solution-melt.

Introduction

As is known, to create subnano- and picosecond photon-injection switches based on GaAs and Al-
GaAsheterostructures, 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 epitaxy (LPE), formed due to background
doping with specified parameters and the creation of subnano-second powerful switches based on them.

2. Study of the influence of the main technological factors: the temperature of the onset of crystalliza-
tion tn.cr., the thickness of the solution-melt h, the hydrogen flow rate F, the static turn-on voltages Uon, the
control current 1., and the dynamic parameters — current rise time, turn-on delay time relative to the control
impulse, the stability of switching-on-switching structures [1-5].

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 subnano- and picosecond time ranges. Since modern laser, accelerator and location
technology, thermonuclear energy, picosecond spectroscopy of liquids and solids, topography, radio engi-
neering, digital technology and a number of areas of converter technology require the creation of semicon-
ductor switches of this power range, which have the traditional advantages of semiconductor devices: long
service life, reliability, high efficiency and, which is extremely important for a number of applications, re-
sistance to external influences (radiation, temperature) and instant readiness for operation.

Due to the need for location technology, defense, digital technology, two new switching principles have
been developed — using a control plasma layer and using a delayed shock-ionization wave, which made it
possible to increase the power switched by devices in the hanosecond range by almost two to three orders of
magnitude and in the picosecond range by almost four orders of magnitude [6-8].

The speed, the magnitude of the absolute and specific power switched by semiconductor devices largely
depends 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 region 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 basis of silicon, such as pulse sharpeners of diode,
transistor and thyristor types, operating on the principle of switching using a delayed shock-ionization wave,
required the development of new circuitry, a new direction of research using new materials, primarily GaAs
and heterostructures on its basis [9, 10].
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Currently, epitaxial methods for obtaining single-crystal layers are widely used for the manufacture of
various semiconductor devices. Epitaxial growth methods make it possible to combine in time the process of
crystallization of a semiconductor material and the production of a device structure. Gas-transport, molecu-
lar-beam and liquid-phase epitaxy 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~10%° cm=or less. A fairly common technology for obtaining such a
material is LPE, carried out in a quartz container with forced cooling of a solution-melt of GaAs in Ga [11-
13]. 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
guantum yield of radioactive recombination is much higher than when GaAs is grown from stoichiometric
melts [14, 15]. This opens up the possibility of an unconventional approach to the design of high-voltage
devices based on heterostructures. In addition, this method has the following advantages over gas-transport
and molecular epitaxy: 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 mono-
graphs [16-18].

Methods

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
volume and growth from a semi-limited volume of a solution-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 volumes of solutions-melts, both a significantly higher
reproducibility of obtaining layers with a given thickness is achieved compared to crystallization from semi-
limited volumes, as well as a higher degree of their planarity. In addition, the growth of layers from a limited
volume of a solution-melt makes it possible to control the crystallization rates and conduct the process under
conditions closer to quasi-equilibrium.

Thanks to the development of technology for obtaining high-voltage p-n junctions based on lightly
doped GaAs, it became possible to create pulsed transistors and thyristors based on GaAs-
AlGaAsheterostructures. Studies have shown the prospect of using photon-injection 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 subnano-second range of durations [9].

Therefore, the improvement of the main parameters and characteristics (increasing the operating volt-
age, improving the speed, reproducibility and dependence of the temperature effect, radiation) of switches is
associated with an understanding of the technological processes for the formation of high-voltage p-n struc-
tures, the choice of the optimal geometry and the search for new designs [10, 13].

The analysis of the literature data shows [1, 13, 16-19] that the production of lightly doped GaAs layers
and the formation of high-voltage p-n junctions in the process of growth have not been clarified, the nature of
residual impurities is not entirely clear, the influence of technological factors on the electrical properties has not
been studied, which makes it difficult to create high-voltage switches with subnano- and picosecond speed.

The static and impulse characteristics of such device structures obtained under various technological
conditions 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 dynamic parameters and characteristics, to create
powerful photon-injection pulse switches based on them with subnano- and picosecond speed, to elucidate
the possibility of increasing the power of the switched gallium arsenide transistors and thyristors in the sub-
nano-second range.

Experimental

The proposed technologies for obtaining high-voltage p-n junctions based on lightly doped GaAs al-
lowed the creation of pulsed transistors and thyristors based on GaAs-AlGaAsheterostructures. We have op-
timized technologies for obtaining high-voltage p-n junctions based on lightly doped GaAs layers and creat-
ing subnano- and picosecond speed photon-injection switches based on the principle of photon transfer of no
equilibrium charge carriers. The main attention is paid to the features of obtaining device structures, the in-
fluence of technological factors on the static and dynamic parameters of switching structures in the mode of
high currents and voltages.

Cepus «dunsukay. Ne 4(112)/2023 51



A.M. Sultanov, A.A. Abdukarimov, M.Z. Kufian

Liquid-phase epitaxy is the method of growing epitaxial layers from a limited volume of a solution-melt
to obtain and fabricate device structures. Under conditions of crystallization from limited volumes of solu-
tions-melts, both a significantly higher reproducibility of obtaining layers with a given thickness is achieved
compared to crystallization from semi-limited volumes, as well as a higher degree of their planarity. In addi-
tion, this method makes it possible to control the crystallization 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 structures with specified electrophysical parameters with sufficiently high reproducibility.

The main problem in creating subnano- and picosecond switches based on GaAs is to obtain layers with
a given thickness of the base regions and a low dopant concentration. A study was made of the influence of
technological factors on the properties of epitaxial layers and p°-n° junctions.

To ensure the optimal impurity distribution profile in a quartz container, from a limited volume of an
arsenic melt solution in gallium on n* - GaAs substrates oriented in the [100] plane, p°- and n°- 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 p°-region in depending on
the conditions for the formation of an impurity background in the solution-melt were obtained in advance
planned limits. The lifetime of minority charge carriers (NCC) is an important dynamic characteristic of a
semiconductor device. In lightly doped GaAs, the NCC lifetime is determined mainly by the concentration of
deep levels. Its value in lightly doped regions of transistor and thyristor structures was determined by meas-
uring 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 uncontrollably intro-
duced recombination centers. The concentration of carriers in the p0- and n0- regions ranged from 1.0 10%°
cm3to 0.1 - 10™ cm3, the mobility of charge carriers was, un = (5 - 6) - 102 cm? / V-s in the n’layer and pp =
(400 — 450) cm?/V's at 300 K. The charge carrier mobilities were determined by measuring the Halle effect
in the grown epitaxial layers [19].

The thickness of the n°layer, exceeding the dimensions 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 cre-
ated by absorbed 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 observation of the electro-optical effect in gal-
lium arsenide during the passage of plane polarized infrared light through the crystal.

For the efficient operation of thyristors and transistors, the thickness of the p°-part should be as small as
possible, therefore, for them manufacturing can only be used n*- p®-n° structures with certain thicknesses p° -
areas that provide high transfer coefficient values. Defined temperature dependence of p°-layer on tempera-
ture the beginning of crystallization (Fig. 1), and coefficients segregation of fine acceptor and donor impuri-
ties the level of concentration and the degree of compensation [19].
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Figure 1. DependenceK of the thickness of the p°-layer on temperature.
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In order to optimize the growth technology and the design of thyristors, the dependences of the transfer
coefficients of structures on the thickness of the low-resistance part of the p°-region and on temperature were
studied (Fig. 2).

It can be seen that the transfer coefficient a of transistor n*- p°- n° structures drops sharply already at a
thickness p°® = 30 um regardless of the temperature on set crystallization. At the same time, the thickness of
the high-resistance parts hi — areas up to hi-120 um do not have a significant impact on the value transmis-
sion coefficients.
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Figure 2. The dependence of the transfer coefficient on the thickness p° — layer.

In the region of low values of o and large thicknesses of p® — layer, there is a connection between o and
production technology. It can be seen that the choice of liquid phase annealing is preferable, which is justi-
fied due to the higher values of the transfer coefficient. This is especially important for technological control
of p°. Figure 3 shows dependence of the transfer coefficient n*-p°-n° structures on temperature. It can be seen
that o decreases with increasing temperature.
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Figure 3. The dependence of the transfer coefficient n*-p®-n®structure on temperature.
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Figure 4. The dependence of Uy high voltage p®-n® transition on temperature

The decrease in o with increasing temperature can be explained by the temperature dependence of the
capture cross section G*, and GB,, which increase in this temperature range by factors of 5 and 20, respec-
tively.

The effect of temperature at the beginning of crystallization and growth technology on the breakdown
voltages (Uria.) of a high-voltage p°-n°® junction was studied in n*-p°-n° structures for the possibility of ob-
taining maximum voltages at the collector junction (Fig. 4). The breakdown voltages increased significantly
when p-n junctions turned out to be displaced from the metallurgical boundary and formed during growth.
From Figure 4 it can be seen that the values of Uyia increase when using a higher temperature, the onset of
crystallization. The growth of Uyia is explained. A decrease 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®-n® structures decreases. In high-voltage p°-n° junctions, the allowable volt-
ages are determined by the impurity concentration gradient in the space charge region (SCR) of the junction
and the thickness of the n® region. Therefore, the carrier concentration gradient and the thickness of the n°
region determine the breakdown voltages of the p—n junction. The use of semiconductor structures based on
A3B?5 is associated with the possibility of a significant increase in performance, which is due to higher mo-
bilities and short lifetimes of minority charge carriers (NCCs). The estimates made by the authors of [19]
show that, due to the significantly shorter lifetime of the NCC in gallium arsenide high-voltage devices, it is
possible to reduce the total duration of the power switching process by at least an order of magnitude com-
pared to silicon ones. The first experimental results also testify to the high potential capabilities of key de-
vices. For example, for gallium arsenide thyristors of a traditional design, which has three p-n junctions (col-
lector and two emitter) interacting with minor charge carriers, the following record parameters were achieved
when switched on through the control circuit: rise time no more than — 10 ns, turn-on delay relative to the
control pulse — 100 ns at an operating voltage of up to 1000 V and a pulsed current of 100 — 120 A.

Conclusions

Thus, the above features of obtaining lightly doped layers and p-n junctions based on them show a real
possibility of creating high-speed pulse transistors and thyristors. Optimization of the technology for obtain-
ing high-voltage p-n junctions based on lightly doped GaAs layers, development of new principles for the
generation and transport of charge carriers in semiconductor structures based on materials with a high pro-
portion of radiative recombination made it possible to obtain high-voltage three-electrode switches with sub-
nano-second turn-on times. The studies carried out and the results achieved indicate broad prospects for the
use of gallium arsenide and its solid solutions in the development of high-speed transistors and thyristors
with a photon-injection coupling mechanism between p-n junctions.
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A.M. Cynranos, A.A. A6aykapumoB, M.3. Kyduau

GaAs nerisinzeri sxorapbl BobTThI p° — N° oTys1€pin
KYPY/AbIH T€XHOJOTHSICHIH IAMBITY

Heri3ri emec 3apsiq TachMaiay IbUIapIbIH (HOTOH/IBI-MHBEKIUSIIBIK MEXaHI3MI Oap aca Te3 ocep eTeTiH KO-
Fapbl BOJBTTHI UMITYJIBCTI YIII 3JEKTPOATHl KOMMYTATOP/BI JKacay VIIiH 3JIeKTPGU3UKAIBIK MapaMeTpIIepain
JKOFapbl MOHJIEP1 JkoHe OepinreH 6a3anblk KabaTTapplH KalbHIBIFE 0ap GaAs 9JIci3 JIerHpiieHreH Kabarra-
pot Herizinae p0-n0 eTynepin anyablH OHTaiIBI wenriMi TabbuLAbL. ["annuit apceHnai XaHe OHBIH KAaTThI epi-
TiHIUIepi Heri3iHAe *KOFapbl BOJBTTHI, KyaTThl CYOHAHOCEKYHATHIK (DOTOHIBI MHBEKLHSIBIK KOCKBIIITAPIBI
KaJIBIITACTHIPy TEXHOJIOTHACHI 93ipJieHi. TOKTBIH 6cy YaKbITBIHBIH, KEPHEY/I KaiiTa KoCy JKoHe KaiTa Kocy-
JIbIH TYPAKTBUIBIFBI OJIAp/bl NalifanaHyia KeH TOK JKOHE XMUTIK PeKHUMIHJET] JKOFaphl BOJLTTH (hOTOHIBI-
HHKEKIHSJIBIK, KOMMYTATOPJIAp/bIH 6ackapy MMITYJIbCiHE TOYEIIIIIri, OHBIH OPTYPJIi CBHIPTKBI dcepIiepre ce-
3IMTaJIABIFEl, COHIAM-aK pO-Ka6aTBIHLIH KaJIBIHJIBIFBIHA, OepuTic KOX(pPHUINEHTIHE, HKOFAPHl BOJBTTHI po-n0
oerynepinne U crlHaMachIHBIH Tecinyl KepHeyre OailaHbICTHl eKeHIr 3eprrenni. JXKyprizireHn 3eprreynep
MEH aJIbIHFaH HOTIKEJIEP KOFaphl KyaTThl JIa3ePIIiK jKOHE JKapBIKANOTHl KYPBUIBIMIAP/IBI aliIay YIIiH MTHKO-
CEKYH/TBIK ONTOYJICKTPOHHUKAAA 33ipPJICHIEH JKOFapbl BOJBTTHI UMITYJBbCTIK KapThUIail ©TKI3Till KYPHUIFbI-
Jap/ibl MaiasaHy neperneKTHBaapbiH KOPCETEi.
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Kinm co30ep: cyiibik pasanbik snutakcuc (LPE), rerepokypsuisiMaap, xorapsl BoIbTTh pO-n° etyiepi, Xoswt
3¢ ¢exTici, GOHABIK JETHPIIEY, ePiTIHAI-0aIKpIMa.

A.M. Cynranos, A.A. A6aykapumos, M.3. Kyduan

Pa3pa0oTKa TeXHOJIOTHH CO3AaAHNUA BLICOKOBOILTHBIX P’—N°-nepexonon
Ha ocHoBe GaAsS

HaiileHoO ONTHMANIBHOE pElIeHue TpobeMb! momyderus p’—NC-mepexoloB Ha OCHOBE CIAabOTErHPOBAHHEIX
cioeB GaAs ¢ BEICOKUMH 3HaYEHUSIMH 3JIEKTPOPH3UIESCKUX NTapaMeTPOB U 3aJaHHBIMH TOJIIIMHAMH 0a30BBIX
CJIOEB JJISL CO3/IaHUS CBEPXOBICTPOICHCTBYIOIINX BEICOKOBOJIBTHBIX MMITYJILCHBIX TPEXIJIEKTPOIHBIX KOMMY-
TaToOpoB C (hOTOHHO-HHXKEKIIMOHHBIM MEXaHW3MOM HEOCHOBHBIX HOcHTeleH 3apsna. Pazpaborana TexHoso-
T (OPMHPOBAHUSI BEICOKOBOJIBTHBIX MOIIHBIX CyOHAHOCEKYHAHBIX (POTOHHO-MHKEKIIMOHHBIX KOMMYTaTO-
POB Ha OCHOBE apCeHH/a Iajiius U €ro TBEPAbIX pacTBOPOB. M3yueHa 3aBUCHMOCTh BPEMEHH HapacTaHUsI TO-
Ka, HalpsDKEHUS MEPEKITIOUEHHS U CTaOMIBHOCTU MEPEKIIIOUEHHs OTHOCUTENBHO UMITYJIbCa YHPABIECHHS BbI-
COKOBOJIBTHBIX (DOTOHHO-MHXKEKIIMOHHBIX KOMMYTAaTOPOB B IMMPOKOM TOKOBOM M YAaCTOTHOM PEXHME HX
SKCIUTyaTalluy, €€ YyBCTBUTEIBHOCTb K PAa3JIMUHBIM BHEIIHUM BO3AEHCTBUAM, a TaKXKe 3aBUCUMOCTH OT TOJ-
mmebl pl-ciiost, oT Ko3(puIMEHTa Mepeaaun, oT HanpsbkeHus npob6os U mpob BBICOKOBOMBTHOrO pP—nl-
nepexoja. IIpoBeneHHbIe HcCne0BaHUS U MOJIYYEHHBIC pe3yIbTaThl YKa3blBAlOT Ha MEPCIEKTUBHOCTH MPHU-
MEHEHUsI pa3pabOTaHHBIX BEICOKOBOJIBTHBIX HMITYJIBCHBIX IIOJIYIIPOBOJHUKOBEIX IPHOOPOB B MHKOCEKYHTHOM
OINITORJIEKTPOHUKE [T HAKAYKH MOIIHBIX JIA3€PHBIX H CBETOAUOIHBIX CTPYKTYP.

Kntouesvie cnosa: xuakodasHas SMUTAKCHS, TETEPOCTPYKTYPHI, BBICOKOBOIBTHBIN p’—nl-mepexon, sddekr
Xoma, pOHOBOE JIETHPOBAHUE, PACTBOP—PACILIaB.
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