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The photoelectric properties of n-GaAs — p-(GaAs)1x-y(Ge2)x(ZnSe)y heterostructures have been investigated both in photodiode and
photovoltaic modes. It has been revealed that the spectral dependence of the photocurrent covers a wide range of energy intervals, ranging
from 1.07 eV to 3 eV. It has been demonstrated that as the temperature of the crystallization onset (Toc) increases, the peaks of the spectral
dependencies of the photoelectromotive force (photo-EMF) shift towards shorter wavelengths. It has been observed that as the
crystallization onset temperature (Toc) of the solid solution layer (GaAs)1-xy(Gez2)x(ZnSe)y increases, the lifetime of photo carriers increases
from 107 s at Toe=650°C to 5-10-° s at Toc=730°C. It is demonstrated that the peaks of the intrinsic photoluminescence band shift towards
shorter wavelengths with an increase in the temperature of the crystallization onset. Additionally, the study of the intrinsic spectral region
of photoluminescence in samples across the thickness of the epitaxial layer confirms the variability of the obtained structures.
Keywords: Solid solution; Heterostructure;, Temperature; Photoelectric property; Photo-EM; Photoluminescence; Photo carriers;
Varizon structure

PACS: 73.40. Lq, 78.20. —¢, 81.05. Hd

INTRODUCTION

Semiconductors A’B> and A”B° are well known as promising materials for creating optoelectronic devices in the
infrared and visible spectrums. Intensive research is being carried out to create various electronic devices based on GaP,
GaAs, CdTe, ZnSe and their solid solutions [1-4]. Among these materials, GaAs-based compounds are of particular
interest, as their electron and hole mobilities are much higher [5-9], thus enabling them to be used in high-speed
optoelectronic devices. In addition, solid substitution solutions (GaAs)—«(Ge2)x(ZnSe)y, make it possible to expand the
spectral range of functioning of structures based on them to 400 nm [10, 11]. However, the mass use of device structures
made on the basis of the A*B> compound is limited, on the one hand, by the economic inexpediency of large-scale use of
such device structures, and on the other hand, by insufficient knowledge of the photoelectric properties of such materials
and heterojunctions based on them.

In this regard, this work reports the results of studies of some photoelectric properties of the
n-GaAs - p-(GaAs)ixy(Gez)«(ZnSe)y heterojunction, which was synthesized by growing epitaxial layers from solid
solutions (GaAs)i-x(Ge2)x(ZnSe)y on an n-GaAs substrate oriented in the (100) direction.

MATERIALS AND METHODS

The growth processes of epitaxial layers were carried out from a limited volume of tin solution-melt on a GaAs substrate
using forced cooling method. The thicknesses of the resulting films varied within 10-15 pm depending on the size of the gap
between the substrates and the growth mode. X-ray diffraction patterns of layers (GaAs)x,(Gez)«(ZnSe)y, taken on a third-
generation diffractometer of the Empyrean Malvern PANalytical L.T.D type, confirmed that the grown layers have a sphalerite
crystal lattice and are characterized by the lowest mechanical stresses, both in volume and near the interface of the layers.

The lux-volt characteristics were measured on a setup that can simulate sunlight. A 150 W tungsten incandescent
lamp was used as the radiation source. The illuminance measurements were conducted using a digital illuminance meter,
MASTKCH LUXMETER MS6610.

An investigation was conducted to analyze the spectral sensitivity of the samples by employing an optical
spectrometer that featured a CARLZEISJENA mirror monochromator with quartz optics. This sophisticated setup allowed
for the examination of the samples within the photon energy range of 1 to 3 eV.

The photoluminescence spectrum of the samples was studied at the KSVU-23 installation. Optical pumping of the
surface of the epitaxial layer at a temperature of 300 K was carried out by a mercury lamp, the signal was recorded on the
SDL-2 installation.

RESULTS AND DISCUSSION
The surfaces of the epitaxial layers of (GaAs)ixy(Ge2)x(ZnSe)y solid solutions had p- type conductivity with Hall
carrier concentrations p=5-10'7 sm>. The literature highlights that the ZnSe epitaxial layer typically exhibits n-type
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conductivity as a result of the self-compensation effect under standard conditions [12]. We successfully produced epitaxial
films containing the chemical composition (GaAs)xy(Ge2)«(ZnSe)y that exhibited p-type conductivity. Based on quantum
chemical concepts, the possibility of increasing the binding energy of selenium in the composition of the Se-Ge dumbbell
structure located at the nodes of the crystal lattice of the (GaAs)i—«(Ge2)x(ZnSe)y solid solution compared with the nodal
position in the crystalline ZnSe lattice. This can lead to a significant reduction in the number of V. vacancies, which usually
lead to the appearance of electronic conductivity in ZnSe. In addition, part of the vacancies in the selenium Vs, sublattice in
solid solutions can be occupied by Ge atoms, which also leads to a decrease in the number of Vs, vacancies. It is assumed
that the appearance of epitaxy layers of a solid solution of the (GaAs)ix(Ge2)«(ZnSe), type during the formation of the n-
GaAs — p-(GaAs)i«y(Gez)«(ZnSe)y heterostructure is associated with partial dissolution GaAs substrates.

The photovoltaic properties of the obtained structures were studied by both photovoltaic and photodiode methods at
a temperature of 300K. The surface was illuminated from the side of the solid solution. The lux-ampere characteristics of
the structures, obtained under integral light illumination, have shown that the dependence of the short-circuit current (Is)
on the illuminance exhibits a nonlinear relationship in the initial region. In other words, an increase in the incident light
intensity leads to a wave-like increase in Is. This phenomenon may be attributed to changes in the parameters of the
contacting semiconductors under the influence of the light flux, such as the lifetime of non-majority charge carriers and
the diffusion length (Fig. 1). With increasing intensity of the incident light, the open-circuit EMF tended to saturate,
reaching a value of 0.6 V, which may be due to the impossibility of reducing the thickness of the transition layer between
the epitaxial film and the substrate under the influence of incident light.
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Figure 1. The dependence of the short-circuit current (1-curve) and the no-load EMF (2-curve) on the illumination by integral light

The lifetime of photocarriers in structures grown under various conditions is determined by the relaxation decay of
the photo-EMF. The investigation revealed that as the temperature of the onset of crystallization (T,.) of the
(GaAs)|x(Ge2)x(ZnSe)y solid solution layer rose, the lifetime of photo carriers extended from 10”7 seconds at To. = 650°C
to 5-107° seconds at T,=730 °C. The spectral characteristics of I .(short-circuit current) and U, . (open-circuit voltage),
as well as the photocurrent were measured in the photodiode mode. Monochromatic radiation was carried out from the
solid solution (GaAs); xy(Gez)x(ZnSe),. Measurement of the spectral dependence of photocurrent in photodiode mode
(Fig. 2, curves @ and b) showed that it covered a wide range of incident photon energies from 1.07 to 3.0 V.

From Fig. 2, it can be seen that the spectrum of photodetectors in the energy range of 1-3 eV is characterized by six
peaks with maximums at photon energies (eV): 1-at 1.37, 2-1.47, 3-1.65, 4-1.88, 5-2.3, 6-2.62 (Figure 2a).
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Figure 2. Spectral dependence of the photocurrent of the n-GaAs — p-(GaAs)1xy(Ge2)x(ZnSe)y structure obtained in photodiode
mode at various crystallization onset temperatures: @ - Toc = 730°C, b - Toc = 650°C.

In curve b, Figure 2. the spectrum begins at a photon energy of 1.07 eV, which may be due to the bonding energy of
paired Ge atoms, which partially substitute some of the gallium arsenide molecules and create the corresponding energy
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level [13]. Additionally, impurity germanium atoms self-organize into nanocrystals in defectable regions of the gallium
arsenide lattice [10], forming their own energy level with an acceptor-like characteristics [10]. At a photon energy of 1.48
eV, a photopic corresponding to recombination from the conduction band to acceptor states in p-GaAs is observed [11]. The
maximum of the spectral sensitivity dependence is observed at 1.64 eV, which may be due to the structural bandgap of the
valence zone and isovalent impurities of Ge-Se compounds in the GaAs layer [14]. The following photopic peaks, curve b,
Fig. 2, corresponding to photon energies of 1.89, 2.18, and 2.67 ¢V, may be attributed to compounds GaSe (hvima.x = 1.88 V),
ZnAs (hvmax = 2.15 V), and ZnSe (hvimax = 2.69 eV) with deep levels in the valence zone of gallium arsenide [12].

The spectral dependencies of the photo-EMF of heterostructures n-GaAs — p-(GaAs)i_xy(Ge2)«(ZnSe)y are shown in
Figure 3. It can be seen that the peaks of the spectral dependencies, characterized by the crystallization onset temperatures,
shift towards the short-wavelength region with increasing displacement. Since carrier separation occurs in the solid solution
(GaAs)|xy(Gex)x(ZnSe)y at the p-n junction, such mixing is likely associated with a decrease in the germanium content
relative to ZnSe at the heterojunction boundary in the solid solution and an increase in the epitaxial onset temperature.
Although the radiation falls on the side of the solid solution, some carriers generated from the surface of the solid solution
at high energies of incident photons likely recombine without reaching the p-n junction boundary, where their separation
occurs. Therefore, in almost all investigated cases of photo-EMF, a decrease in photosensitivity is observed in the short-
wavelength region of the spectral dependence of photo-EMF. Some difference in the values of photosensitivity observed in
the short-wavelength region for different samples can be explained by differences in film thickness.
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Figure 3. Spectral dependence of the open-circuit photo-EMF of the structures n-GaAs — p-(GaAs)1-xy(Ge2)x(ZnSe)y obtained at
different crystallization onset temperatures: @ - Toc = 730°C, b - Toc = 650°C.

Also, investigations of photoluminescence were conducted on the solid solutions (GaAs);_xy(Gez)x(ZnSe), obtained
by us in their intrinsic spectral range. Samples obtained at different crystallization onset temperatures were subjected to
measurement. Scanning of the samples was performed on the surface of epitaxial layers. Optical pumping of the surface
layers at a temperature of 300 K was performed using a mercury lamp.

Meanwhile, upon visual observation, luminescent glow ranging from green to blue was detected on the surface of
epitaxial layers, depending on the sample conditions. By scanning the surface of the films in various directions, it was
also possible to approximately visually assess the condition of the sample surfaces based on color and the uniformity of
luminescence. In the photoluminescence spectra obtained by continuous recording (Figure 4 - a and b), it was found that
the peaks of the intrinsic photoluminescence bands shift towards the short-wavelength region with increasing
crystallization onset temperature.
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Figure 4. Intrinsic spectral range of photoluminescence spectra taken on the surface and upon sequential removal of the surface of
epitaxial layers (¢', a", b'): a - Toc = 730°C, b - Toc = 650°C
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Investigating the photoluminescence spectrum of the solid solution (GaAs)xy(Gez)x(ZnSe)y it was found that with
the removal of surface layers, the peaks of the intrinsic band shift towards the long-wavelength region (Figure 4 - @', a",
and b'"). The research [15] demonstrated that in the solid solution, the zinc selenide content increases along the growth
direction, consequently leading to an increase in the width of the bandgap.

Thus, the dependence of the bandgap width on the composition of germanium and zinc selenide in the volume of
solid solution has a non-monotonic character, and the obtained solid solutions exhibit varizon structures. The bandgap
widths, estimated from the photoluminescence spectra for the two specified samples, were 2.51 and 2.21 eV.

CONCLUSIONS

Thus, the photoelectric properties of n-GaAs — p-(GaAs)«y(Ge2)«(ZnSe), heterostructures have been investigated both
in photodiode and photovoltaic modes. It has been found that the spectral dependence of the photo-current covers a wide
range of energy intervals from 1.07 eV to 3 eV. It has been demonstrated that with an increase in the temperature of the
crystallization onset (Toc), the peaks of the spectral dependencies of the photo-electromotive force (photo-EMF) shift
towards shorter wavelengths. It has been discovered that with an increase in the temperature of the crystallization onset (Tc)
of the solid solution layer (GaAs), x y(Ge2)x(ZnSe)y, the lifetime of photo-carriers increases from 107 s at To. = 650°C to
5-107 s at Toc = 730°C. Investigation of the photoluminescence on the surface of epitaxial layers (GaAs)ix.y(Ge2)x(ZnSe)y, it
has been shown that the peaks of the intrinsic photoluminescence band shift towards shorter wavelengths with increasing
crystallization onset temperature. Additionally, investigation of the intrinsic spectral range of photoluminescence in samples
through the thickness of the epitaxial layer confirms the varizonality of the obtained structures.
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OOTOEJEKTPUYHI XAPAKTEPUCTUKHU 'ETEPOITEPEXOAY n-GaAs-p-(GaAs)1-x-y(Ge2)x(ZnSe)y
Axpamkon I0. BoGoe™"
“Anousrcancokuti deporcasHuil ynigepcumem imeni 3.M. babyp, Anousican, Y3dexucman
bluemumym ¢pisuxu nanienposionuxie ma mixpoenexmponixu Hayionanvnozo yuisepcumemy Ysbexucmany,
100057, eyn. Aneu Anmasap, 20, Tawxenm, Y30exucman

JocnipkeHo (OTOETEeKTPUYHI BIACTHBOCTI TeTepocTpyKTyp n-GaAs — p-(GaAs)ixy(Ge2)x(ZnSe)y sx y doromionHomy, Tak iy
(oTOCNEKTPUYHOMY pEXUMaX. BHsBIIEHO, IO CHIEKTpanbHa 3aJ€XKHICTh (OTOCTPYMY OXOILIIOE IMUPOKUH Jialla30H €HepreTUIHHX
intepBaiiB Bix 1,07 eB no 3 eB. IlokaszaHo, 1m0 3 miIBHIIEHHSM TeMiepaTypu nodatky kpucranmizauii (Toc) miku crekTpanbHHX
3anexxHocTel poToenekTpopyriiiHoi cun (Goro-EPC) 3MmimyroThcss B OiK KOPOTIIMX JOBKHH XBHJIb. Byj0o moMideHo, 1o 3i
30inbIICHHAM Temneparypu nodatky kpucraiizauii (Toc) mapy TBeproro pozunny (GaAs)i-xy(Gez2)x(ZnSe)y yac xutTa GOoTOHOCITB
36impmyetsest 3 107 ¢ mpu Toe= 650°C mo 5107 ¢ mpu Toc=730°C. TlokasaHo, WO KK BIACHOI CMYTH (DOTOMIOMIHECHIEHIIIT
3MILIYIOThCA B 01K KOPOTLIMX JOBXXWH XBHJIb 31 30UIBIICHHSAM TEMIIEPaTypH IMOYATKy KpucTamizamnii. Kpim Toro, mociimkeHHs B1acHO1
CHEKTpaNbHOI 00MacTi (OoTOMFOMiHECIEHIIIT 3pa3KiB IO TOBIIMHI €MITaKCIfHOTO Imapy MiATBEpAXKYe BapiaOelbHICTh OTPHUMAaHHX
CTPYKTYD.

KnrouoBi cioBa: meepouti  posuun; eemepocmpykmypa; memnepamypa; omoenrekmpuuni  enacmugocmi;  pomo-EM;
Gomonominecyenyis, homonocii; eapizonna cmpykmypa



