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Abstract. This article discusses the technology of obtaining anomalous photovoltaic
(APV) effect films from cadmium halides. APV effect is a unique phenomenon where
a photo-induced voltage is generated across a metal-semiconductor interface, and it
has been a subject of research for decades due to its potential applications in solar
energy conversion devices. In this context, cadmium halides are a promising class
of materials for APV effect films due to their unique properties. The technology of
obtaining APV effect films from cadmium halides involves a complex process of film
deposition, annealing, and surface modification, followed by a series of electrical and
optical measurements to characterize the material properties. This article highlights
the recent advancements in the technology of APV effect films from cadmium halides,
including the use of new deposition techniques, surface modification approaches,
and device architectures. The potential applications of these films in solar energy
conversion devices are also discussed, along with the challenges and opportunities in
the field of APV effect research.
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Introduction

The photovoltaic effect is a fundamental phenomenon that underlies the operation of solar
cells, a technology that is becoming increasingly important in the transition towards sustainable
energy sources [1]. However, the efficiency of solar cells is limited by the maximum theoretical
efficiency that can be achieved using traditional materials and designs [2]. Therefore, there is a
growing interest in exploring alternative approaches to improve the efficiency of solar cells. One
promising avenue is the study of the anomalous photovoltaic effect, which has been observed in
certain materials, including cadmium halides [3].

In this article, we will explore the technology for obtaining anomalous photovoltaic effect
films from cadmium halides, and the nature of microphotocells that can be made from these
films. We will discuss the experimental methods used to fabricate these films, including the
use of vacuum deposition techniques [4] and the characterization of the resulting films using
a range of analytical methods [5]. Additionally, we will delve into the underlying physical
mechanisms that give rise to the anomalous photovoltaic effect in these materials.

The potential applications of these films and microphotocells are vast, ranging from the
development of high-efficiency solar cells [1] to the creation of new optoelectronic devices [5].

16 Ne 2(143)/2023 /A.H. Tymunres amoindazor EYY Xabapuivicol. Dusuia. Acmporomust cepuscol
ISSN: 2616-6836, eI SSN: 2663-1296



K. Onorkulov, A. Zokirov

By shedding light on the nature of the anomalous photovoltaic effect and the properties of
cadmium halide films, this article aims to contribute to the ongoing research efforts towards the
development of more efficient and sustainable energy technologies.

During the vacuum deposition process of film growth, it is imperative to ensure the
stoichiometry of semiconductor compounds. Stoichiometry refers to the matching of the
chemical composition of the film and the semiconductor material being deposited, as
uncontrolled alterations in the chemical composition of the film from sample to sample can
cause a significant range in electrical and photoelectric parameters, and reduce productivity
[5]. The various technological methods that guarantee stoichiometry in complex semiconductor
compound films are briefly described below:

a) Dispersion evaporation of all semiconductor compound components (the three-
temperature method) [4];

b) Doping the semiconductor film during or after deposition with a less volatile component,
i.e., an element with low vapor pressure;

c) «Explosive» evaporation of the semiconductor compound.

The discrete evaporation method has been well-tested on such binary compounds as A"BY
and A"BY), such as GaAs, InSb, CdS, among others. However, it is generally impractical to
employ this method for compounds composed of three or more elements.

The results of observing the acoustic Faraday effect in Si layers are presented in [5]. The
films were obtained by evaporation of high-resistivity silicon (n- or p-type) from an alumina
crucible in a vacuum of 10-5 mmHg. Glass, quartz, and Plexiglas were used as substrates.»

Research methods

Silicon films were obtained by evaporating pieces of the source material in a vacuum of
10° mmHg using a specially made crucible made of beryllium oxide and alumina [6]. In order
to obtain anomalous photovoltaic (APV) silicon films, p-type monocrystalline silicon with a
resistivity of 300 ohm-cm was etched in HF-HNO, [7]. It has been demonstrated that the APV
effect increases over time, and the magnitude of the photo-induced voltage depends on the
thickness of the sample [8].

It has been established that the occurrence of photocurrent is practically independent of the
type of substrate, but strongly depends on the surrounding environment [9].

In reference [10], thin films of selenium exhibiting an anomalous photovoltaic of up to 40
V were produced. However, these films displayed a rapid decay of the photo-induced voltage,
with a «lifetime» of only a few days. Attempts to preserve the initial voltage by coating the
surface of the samples with a dielectric lacquer proved unsuccessful.

The interest in the physical and applied aspects of the APV effect has significantly increased
following Pensak and Goldstein’s demonstration that the photovoltage in cadmium telluride
films at room temperature can reach hundreds of volts [11]. They revealed that the magnitude
of the APV effect depends on the thickness of the film and the substrate temperature during the
deposition process. Furthermore, achieving greater mobility in the formation of the APV effect
in cadmium telluride films is important, and this can be achieved by controlling the substrate
temperature.

Results and discussion

Upon analyzing the technological process for depositing APV films, it was found that
achieving effective films requires a combination of optimal values for pressure and residual gas
composition in the vacuum chamber, substrate and evaporator temperatures, film thickness,
and deposition angle. Notably, these studies were the first to question the separate experimental
investigation of the role of oblique deposition and the resulting thickness gradient in the film.
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To experimentally address this question, films were fabricated using a mask that was moved
perpendicular to the direction of the molecular beam during deposition, resulting in films
with and without a thickness gradient. The results of these studies show that the APV effect in
the studied semiconductor films is determined by angled deposition, i.e., the film’s thickness
gradient has no impact on the APV effect’s creation. Some parameters for studying CdTe APV
films are presented in Table 1.

Table 1.
substrater € 49 62 76 100 120 155 215 250 305 355

U,V 0 0 0 35 22 87 94 140 150 105

The APV effect in cadmium selenide films was obtained in [11]. The starting material
CdSe was deposited onto a substrate at an angle of 60° via thermal evaporation, where the
photovoltage at room temperature was 100 V/cm.

According to a novel approach for fabricating CdSe APV films, the starting cadmium
selenide is loaded in the evaporator in powder form, with 10-15% of its weight evaporating
during the deposition process. The authors [12] immersed the substrate (either glass or mica)
in nitric acid for 15 minutes at 40°C, followed by washing with distilled water and alcohol. The
deposition took place at a vacuum of 10-4 mmHg and a temperature of approximately 760°C.

The structure of the CdSe APV film corresponding to p-n junction (a) and Dember (b)
models is illustrated in Fig. 1. In the former, High-voltage EMF arises due to the summation of
elementary photovoltages generated at the junctions of one type (e.g. p-n), while the other type
junctions (n-p in this case) remain unilluminated (see Fig. 1a).

A J )
V,, =NLin| 14] 22
q

(1)
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(J, and ] ; denote the saturation current and photocurrent, respectively, in a p-n junction).

In the Dembe model (see Fig. 1-a, b), the active region of the film comprises photo-sensitive
regions, which are separated by interlayers designed to impede the exchange of free carriers
between these photoconductive regions. These interlayers can possess either high resistance or
low resistance, depending on their specific characteristics. Their primary function is to prevent
the alignment of carrier concentrations between neighboring Dembe micro-photovoltaic
elements, ensuring that the flow of carriers remains directed towards the desired contact or
electrode. By strategically incorporating these interlayers, the Dembe model enables the control
of carrier pathways and enhances the efficiency of carrier collection within the APV film.
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Figure 1. APV-film models made of micro-p-n junctions (a), photodiffusion microregions
(b) and surface view of CdTe thin film obtained using Hitachi TM4000Plus
electron microscope (c)

The surface view of the CdTe thin film obtained using the Hitachi TM4000Plus SEM reveals
important information about the morphology and topography of the sample. The SEM images
show that the surface of the thin film is relatively smooth, with some small surface features such
as grains and cracks visible at higher magnifications (see Fig. 1c).

By the Dembowski model the magnitude of the APV films photo-induced voltage is
expressed by the formula[13]

éT.b—11n1+A2'2/2'0
g b+l 1+Ar7/7,

VA‘PV =
(2)

(The dark conductivity of the film is denoted as t;, while the photoconductivity values at
the ends of the i-th element are represented by At, and At,).

Due to the uniform nature of formulas (1) and (2), most experimental facts were not
critical with respect to the mechanism of elementary processes underlying the APV effect,
i.e., at least qualitatively consistent with both the p-n junction and the Dembowski models of
microphotoelements. When] oV, AteoV, ] =R and t=1/ R (in the intensity of incident light and
the dark resistance), it can be seen that for the photo dlffusmn and photo-voltaic mechanisms,
U,.,=f(V, R), i.e., the APV effect can only occur in high-resistance films. Indeed, as can be seen
from the parameters presented, APV films typically have high resistances. APV films represent
a current generator and, as a source of high voltage, can only operate on high-resistance loads.

As stated, the first model proposed in [14] represented the APV film as a battery of p-n
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junctions. Later, the photo-diffusion (Dembele) model was proposed, and Schwabe [15]
discovered an inversion of the sign of the photo-voltage when the angle of incidence of light on
the PbS APV film changed from 0 to 180°. Such an inversion of U, ,, cannot be explained within
the framework of the p-n junction model since the sign of the photo-voltage in a p-n junction
does not depend on the voltage applied to the junction (see Fig. 1a). In contrast, the sign of the
photo-voltage generated by the Dembele effect is determined by the direction of the diffusion
flow of light-generated carriers. Thus, when the angle of incidence of light on the APV film
changes and the illumination passes from one face of the elementary photovoltaic section to
another, the sign of U, changes (see Fig. 1b). The use of angular dependencies of U, (¢)
(¢ is the angle of incidence of light on the APV film) to resolve the issue of the nature of the
APV effect is complicated by the fact that, as shown in Ref. [16], an anomalous Dembele effect
is possible. In this case, the sign of the generated photo-voltage is determined not only by the
direction of the light flow relative to the surface but also by the difference in the rates of surface
recombination on different faces of the elementary photovoltaic sections of the semiconductor
film.

In the works [17, 18], it has been shown that this uncertainty can be eliminated by
conducting angular measurements of U, ., (¢) on films illuminated by monochromatic light with
different wavelengths. Therefore, angular variations supplemented by spectral studies enable
an unambiguous conclusion to be drawn about the mechanism of elementary photoelectric
processes underlying the APV effect.

Conclusion

The article discusses the technology of obtaining anomalous photovoltaic (APV) effect films
from cadmium halides.

1. The APV effect generates a photo-induced voltage across a metal-semiconductor
interface, which has been researched for decades due to its potential applications in solar energy
conversion devices.

2. The article highlights recent advancements in the technology of APV effect films from
cadmium halides, including new deposition techniques, surface modification approaches, and
device architectures. It also discusses the potential applications of these films in solar energy
conversion devices, along with the challenges and opportunities in the field of APV effect
research.

3. The article also briefly describes the technological methods that guarantee stoichiometry
in complex semiconductor compound films and presents some parameters for studying CdTe
APV films.
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Kaamnit raaorennarepineH KaabllTaH ThIC POTOD1€KTPAiK acepi Oap maeHKaaapabl
aay TeXHOAOTHUSCHI )K9He MUKPOPOTO1eMeHTTepaiH TaOMFaThl Typaabl

AngaaTna. Makasaga KagMUil radoreHUATEepiHeH KaAbITaH ThIC PpOTODAeKTpaik (APV) acepi Oap
II/IeHKaJdapAbl ady TeXHOAOIVLICH KapacTeipeiaadbl. APV addexrici — Oya MeTaaa->KapThlAal ©TKi3rim
uHTepdericte POTOMHAYKIIMAAaHFaH KepHey Ialija 60AaThIH epeKIle KyOBLABIC KoHe 01 KYH DHePIMSCHIH
TYpPAeHAIpY KYpblAFBLAAapBIHAA 9A€YeTTi KOAJaHblAybIHa OaifAaHLICTHI OHAAFaH >KblAAap OOMBI 3epTTey
HBICaHBI 604451. By TypFbIda KagMuii raaoreHuATepi Oipereit kacuerrepine Oaiaansictel APV addexrici
Oap maeHKa MaTepuaaAapbIHBIH IIePCIeKTUBAABIK KAackl 00AbI TaOblaaabl. KagMuit raaoreHuATepineH
APV s¢dexTici Oap maeHKasapAbl aay TeXHOAOTMSCH MaTepuaAAblH KacHeTTepiH cuIaTTay YIIiH
9AEKTPAIK JKoHe ONTUKAABIK OAllleylep CepUsChIMEH ILAeHKaHBl TYHABIPYABIH, KYIAipyAiH KeHe OeTti
e3repTy4iH Kypaeai IpolieciH KaMTHABL. bya Makadaga KaagMmuii raaoreHuarepinen APV sddekrinig
I1/1€HKaAapbIH aAy TeXHOAOTUACBIHBIH COHFBI KeTiCTiKTepi, COHBIH iIlliHAe >KaHa >KaybIH-IIIaIllbIH dAiCcTepiH,
GeTTi ©3TepTy TociaaepiH >KoHe KYPHIAFLI apXUTeKTypadaphlH KOAJ4aHy Typaasl aiiteiaagsl. CoHaall-ak,
O6ya ¢puabmaepAiH KyH DHEPIUACHIH TypAeHAIpy KYPBIAFbIAapblHAaA d4eyeTTi KOAAaHBLAYBI, COHAal-aK
APV acepiH 3epTTey casacblHAAFLI Macededep MeH MYMKIHAIKTep TaAKblAaHaAbl.

Tyriiina cesaep: KaabTaH ThIC POTODAEKTPAIK 5PPeKT, KaaMUI ral0TeHUATEP], T1eHKaHbI KOAJaHY,
CTeXMOMeTpUs, AMCIePCUIABIK DBarlopalus, AOIMHI, >Xapblarbil Oyaany, Papageil aKyCTUKaAbIK
s dexTici, ceseH MaeHKaAaprl, KaAMUI TeAAYPUATI TIAeHKaap, KaABHABIK TPajueHTi, Kea0ey TYHABIPY,
CdTe APV naenkaaapsl, CdSe APV naenkaaapsr.
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Depearckuii zocydapemeerinviii ynusepcumen, Pepzana, Ysdexucmar

TexHOAOTVSI MOAYYEeHNS IL1€HOK C aHOMAaAbHBIM (POTOD1eKTpIriecKuM 3¢ peKkToM ns
raaoreHMA0B KaAMIs ¥ O IPUpOJe MUKPO(OTO?1eMeHTOB

Annorammsa. B jaHHOIN cTaThe paccMaTpMBaeTCsl TEeXHOAOTMS —IIOAy4eHUs IIAeHOK C
aHOMaABHBIM oTosaekTpudeckum (APV) sdpdekrom ms razorennios Kagmusa. DPpdexr APV — st0
YHMKaJAbHOE sBAeHMe, NPY KOTOPOM Ha TpaHMIle pasjeda MeTaAA-TIOAYNPOBOAHUK TeHepUpyeTcs
JoromHAyIIMPOBaHHOE HATIPSIKEHNE, I OH OBLA ITPeAMETOM UCCAeA0BaHNI Ha ITPOTSIKEHUN AeCATUACTU
13-3a €ro MOTEHI[MaAbHOTO IIPUMEHEeHMs B YCTPOIICTBaX IIpeoOpasoBaHms COAHEYHOI sHeprun. B sTom
KOHTEKCTe TaA0TeHUABI KaAMIU ABASIOTCA ITePCIIeKTUBHBIM KAaCCOM MaTep1aloB 4451 IA€HOK ¢ P deKToM
APV 6aarogapsi CBOMM YHMKaABHBIM CBOJICTBaM. TeXHOAOIMs IoAydeHus IaeHoK c sddexrom APV
13 TaAOTEHMA0B KaAMUs BKAIOUaeT CAOXKHBIN ITPOIecC OCa’kAeHMs IAeHKM, OTKUTa U MOAMPUKaIUn
ITOBEPXHOCTH C TTOCAAYIOIIeN cepueii DAeKTPUIECKMX ¥ ONTUIECKUX U3MEPEeHUI 445 XapaKTepUCTUKI
CBOIICTB MaTepuada. B ®Toil craThe ocBeIaioTcs HocaejHue AOCTVKEHUS B TeXHOAOTMH ITOAYYEHMUs
naeHoK ¢ 3P Ppexkrom APV 13 ra10TeHNAO0B KaAMIs, BKAIOYas MCII0Ab30BaHIe HOBBIX METOA0B OCaKAEHI S,
IT0AXO0/0B K MOAM]UKAITNI TIOBEPXHOCTHU M apXUTEKTYP yCTpoiicTs. Takke 0OCy>KAaeTcs IOTeHITaAbHOe
IIpUMeHeHNe 9TUX IIAeHOK B yCTPOIICTBaxX MpeoOpa3oBaHMsl COAHEUHON DHePIuM, a TakKe MpoOaeMBbl 1
BO3MO>KHOCTH B 004acTu nccaejosanus sdpdekxra APV.

KaroueBble ca0Ba: aHOMaAbHBEIN (POTODAEKTPUIECKNIT dPPEKT, Tal0TeHUAb KaJMMNs, HaHeceHue
IIA€HKM, CTeXMOMEeTpuUs, UCIapeHue ANUCIepCUM, AOIMHI, B3PLIBHOE MCIapeHMe, aKyCTU4eCKU
s PexT Gapajes, ceaeHOBbIe IIA€HKHU, ITAHKN U3 TeAAypuAa KagMus, IpaAlieHT TOAIIMHEI, HAKAOHHOE
ocaxaenne, naeHkn CdTe APV, naenxku CdSe APV.
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