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TEMPERATURE AND INFRARED QUENCHING OF EQUILIBRIUM CONDUCTIVITY
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A method for obtaining CdSe, CdSexS:.« films with high photosensitivity has been developed. This method involves thermal treatment of
freshly prepared films in vacuum and air in a specially prepared quasi-hermetic chamber in the presence of CdCl> or CuClz, which ensures
uniform diffusion of sensitizing substances. Experiments have shown that CdSe, CdSexSi» films with stable and reproducible
electrophysical properties are obtained by heating at the following temperatures: in air in the presence of CdCl> —470°C, in the presence
of CuCl> — 300°C; in vacuum — 480°C. Temperature and infrared quenching of equilibrium conductivity are observed only in optimally
photosensitive samples with both fast () and slow (s) recombination centers and efficiently operating intercrystalline barriers. However,
various external influences significantly affect the carrier motion, leading to the loss of high photosensitivity of the sample. Infrared
quenching of equilibrium conductivity is observed at T < 300 K and low infrared light intensities I,z < 10~ 1lx in the entrance spectral
absorption range of 1.0 + 3.0pm, and a pronounced photoconductivity with a clearly defined entrance is observed at I = 1071 1x.
Keywords: Photosensitivity; CdSe, CdSexSi; Quasi-closed camera; Thermal treatment; Temperature and infrared quenching; Spatial
charge field; Drift barriers, Grain size

PACS: 72.20.My, 73.50.Gr, 77.55.-g, 78.55.Et, 81.15.-z

INTRODUCTION

The anomalous temperature dependence of the electrical conductivity of photosensitive CdSe, CdSexSi-x thin films with infrared
quenching of the equilibrium conductivity was determined. The results of measurements and analysis of the kinetic parameters o4, n,
u in the dark for CdSexS1-x:Cd:Cu:Cl samples with different thermal treatment methods in the range 300500 °C were carried out. It
was found that the observed anomalous effects are associated with the excessive charge of bulk deep r-, s-centers in the spatial charge
field and the modulation of this region and drift barriers at the grain boundaries upon heating or under the influence of infrared radiation.
Previously, an anomalous temperature dependence of the electrical conductivity was found in a number of polycrystalline CdSexSi1-x
samples [1-2], which manifests itself in a sharp decrease in the dark current in a certain temperature range when the semiconductor is
heated. In CdSexS1x:Cu:Cl films, the decrease in dark conductivity reached 7 orders of magnitude in the temperature range
200+300 K [2-3]. Various authors attribute the occurrence of this effect to the unbalanced filling of trapping centers, the influence of
humidity [1-5], intercrystal reactions [1], macroscopic barriers [2], diffusion processes and oxygen chemisorption [4], and thermo-field
migration of ions [6]. There is still no single comprehensive opinion about the mechanism of this anomalous phenomenon. Our goal is
to study the temperature dependence of the dark conductivity of photosensitive thin CdSexSix films, depending on the production
technology and under the influence of weak infrared radiation.

TECHNOLOGY AND MEASUREMENT METHODS

To obtain CdSexSix films, we used the method of thermal evaporation in vacuum. A vacuum unit was assembled based on an
automatically controlled vacuum unit VUP-5M and a “VAKMA” 2NVR-5 DM type fore vacuum pump, which provides a pressure
of ~10”2 Pa and a “VAKMA” NVDM-160 vapor-oil diffusion pump (Figure 1). Polycrystalline CdSexSix films with dimensions of
5%25 mm? and a thickness of 5+10 microns were obtained by evaporating a CdSeo.sSo.2 solid solution in a quasi-closed vacuum at a
pressure of 10”2 Pa at a growth rate of 80100 A/s, at an angle of 45, from a crucible heated to 300+500 °C at a height of 9 cm above
a glass substrate. The substrate and crucible temperatures were monitored using a “Chromel-Alumel” thermocouple on a PeakTech
3340 DMM thermometer [15-18]. The obtained films were subjected to thermal treatment in three ways: in a vacuum of 102 Pa at a
temperature of 480 °C, in air in the presence of CdCl: at a temperature of 470 °C, and in the presence of CuClz vapor at a temperature
of 300 °C (Figure 2). The films obtained in this way (dark conductivity oz = 107> + 1076 Q~* - m~1 at 300 K) were strongly
compensated and had high photosensitivity ~102 Ix under natural light intensity).

RESULTS OF THE EXPERIMENT AND THEIR DISCUSSIONS

We were able to observe a sharp decrease in the dark conductivity o, the temperature quenching of the dark conductivity
(TQDC), in high-resistance (Rfim > 10° 2) CdSexS1x (Cd;Cu:Cl) films when the temperature was raised in the range of 150+300 °C.
Unlike the results presented in works [7-9], for the first time in these films, an inverse photoconductivity with an entrance character
and infrared quenching of dark conductivity (IQDC) were identified. It was found that multiple heating-cooling cycles of films obtained
in vacuum of 102 and 107 Torr and in air at T=77+473 K in the dark for t=30 minutes do not affect the dependence of o (T) and the
spectrum (IQDC) g4 (4). Moreover, measurements of g, after a year did not reveal any significant changes in the o4 (T) and o4 (1)
spectra. The reproducibility of the observed effects is indicated by the balance of the re-measured o, value. Figure 3 shows the
temperature dependence of the equilibrium conductivity for three samples: CdSexSix (curve 1) thermally treated in vacuum with a
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residual gas pressure of 102 Pa, CdSexSi-x (CdCI) (2) and CdSexSi-x (CuCl) (3), treated in air in the presence of CdClz and CuClz vapor
molecules, respectively.

It can be seen that all o4 (T) curves have two intervals of thermal quenching I and II. Within the measurement error, the "small"
quenching (I) corresponds to the intervals 150+230 K and the "large" quenching (II) to the intervals 230+300 K for all samples. The
activation energies determined from the slopes of curves 1-3 for section II are the same and equal to E, = 0.5 eV, while for section I
they differ slightly: 0.2 eV for CdSe (CdCl) and 0.3 eV for CdS (CdCl). However, it should be noted that these values do not accurately
reflect the energy depth of the recombination centers responsible for the observed conductivity quenching [10-12]. In the temperature
range T=400 K, a sharp increase in o, occurs with an activation energy of 1.5+1.7 eV, which means that in this case, the dark
conductivity is associated with the thermal generation of carriers characteristic of the intrinsic conductivity region of the semiconductor.
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Figure 1. Schematic diagram of the vacuum chamber for Figure 2. Schematic diagram of the chamber for
obtaining CdSexS1x films increasing the sensitivity of CdSexSix films
1-crucible (evaporator); 2-shield; 3-furnace and substrate; 4- 1-crucibles; 2-slit for the entry of CdCl2 or CuClz
thermocouple; 6-metal cover vapors; 3-freshly prepared samples.
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Figure 3. Temperature dependence of the equilibrium Figure 4. Infrared quenching spectra of the equilibrium conductivity
conductivity for three samples: CdSexSix (curve 1) TI'r of CdSexSix (CuCl) films thermally treated in air at temperatures T:
thermally treated in vacuum with a residual gas pressure of 1-150 K, 2-200 K, 3-250 K. For comparison, the temperature
102 Pa, CdSexSix (CdCl) (2) and CdSexSix (CuCl) (3), dependence of the quenching magnitude of the equilibrium
treated in air in the presence of CdClz and CuClz vapor conductivity I't (curve 4) and the infrared quenching spectrum of the
molecules, respectively. photoconductivity ' (curve 1', T=150 K) are shown.

Figure 4 shows the infrared quenching spectra of the equilibrium conductivity of the films for three temperatures (curves 1-3). It
is convenient to describe the quenching of the dark current (i.e. conductivity) by the relative value I' = %, where jo and j are the

current densities without and with infrared radiation thermal quenching. As can be seen from the figure, with increasing temperature,
the amplitude and half-width of the IQDC spectrum decrease and its red edge shifts significantly towards shorter wavelengths. At
T=150 K, the IQDC spectrum, as well as the quenching spectrum of the infrared photoconductivity (curve 1'), reveals a doublet structure
with red edges at A,» = 2.8 pm. This indicates that at a certain temperature, the equilibrium conductivity in the film is determined by
the presence of two recombination centers, one of which has an activation energy of E,, = 0.44 ¢V. If we assume, as in the case of
single crystals [13], that the E,., level is located close to the edge of the valence band and effectively exchanges carriers with this band,
then the "small" TQDC (interval I in Figure 3) and the long-wavelength line of IQDC at low temperatures are associated with the
generation or transfer of heat by the infrared radiation of carriers from the r’-center to the valence band. As the temperature increases,
the r’-centers become filled and the equilibrium recombination current is captured by deeper centers. These deeper centers now
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determine the capture time of electrons in the sample, and therefore define the larger quenching intervals of TQDC and the shorter
wavelength line of TQDC. From the red edge of this line at T=250 K, we find A,, = 2 um (E,. = 0.62 eV). For comparison, Figure 4
shows the temperature dependence of the quenching magnitude of the equilibrium conductivity I't (curve 4). It can also be seen from
the figure that infrared quenching was not observed at T=300 K.

To clarify the nature of the observed TQDC and IQDC phenomena, Hall measurements were performed on the studied CdSe, .S, _,
films to determine the average mobility uy and electron concentration # in the dark (T). The temperature dependence of uy (T) and
n(T) is shown in Figure 5, where curves 1-3 are experimental curves corresponding to curves 1-3 in Figure 4, and curves 1'-3' are
calculated using uy = Ryo0,4, where Ry is the Hall coefficient. It is evident that all dependencies g (T), n(T), 04(T) are similar at
temperatures close to T=300 K. In the range T=100+150 K, n, uy, and therefore o, are practically independent of temperature, which
seems to correspond to the decrease in the donor and the tunnel mechanism of electrical conductivity in polycrystalline semiconductors.

100 L 3 410
5
It
) H, ™ Ji, exp| = AE
10 | 321 w o € T J1
w
° 2
A (U S 100 %
= S
=
1014 | - 102
108 L =103
1 1 1 1
2 4 6 8
10T, K

Figure 5. Temperature dependence of the Hall concentration of equilibrium electrons n (1-3) and mobility g (1'-3").
Curves 1-3 and 1'-3' correspond to the description of the sample heating conditions in (Figure 3).

If the Hall mobility of equilibrium electrons py is related to the average height of the drift barriers AE,,

Hu = Ho€Xp (_ %),

Here, uy is the Hall mobility in a homogeneous sample, equal to 200 sm?(V s). Then, in the regions of curves 1'-3' in the
temperature range 150300 K, there is a temperature quenching (1) (i.e., we have an anomalous dependence), and at T>300 K,
(dAE, /dT > 0). Interestingly, for the sample CdSexSi-x (CuCl) in the quenching region, the mobility changes with temperature as
u~T~3/2 and after quenching, it increases exponentially according to the activation energy AE, = 0.11 eV. Furthermore, in all
samples, small quenches in the puy~T~%/2 and uy ~T =7 regions and large quenches in the uy~T ~%/2 and uy~T =7 temperature ranges
correspond to the CdSexSix (CdCI) and samples, respectively. For the second one, the Hall mobility at temperatures above 300 K first
increases according to the laws uy~T3 and py~T5, and then exponentially with activation energies of 0.13 and 10 eV. The complex
temperature dependence of g (T) around the temperature quenching naturally reflects the scattering mechanism of electrons at drift
barriers. As the temperature increases, the significant decrease in electron concentration leads to the expansion, overlapping, and
increase in height of neighboring potential barriers, as well as the emergence of new drift barriers. The sharp difference in temperature
dependence of uy (T) in different samples is related to the different crystalline structures of the films, the impurities in them, and the
specific defects. The effect of TQDC and IQDC studied cannot be explained using the model of photoconductivity of the same
semiconductor containing two or more types of recombination centers [14]. The obtained experimental results also do not fit within
the framework of the model in [3], where the negative temperature dependence of the equilibrium carrier concentration is calculated
when there is a heterojunction between a low-resistance surface-near region and a high bulk resistance semiconductor. Although the
above experimental results clearly indicate the role of volume recombination r-, r'-, s-centers and surface states in the correlation
processes, as well as the thermal modulation of drift barriers associated with them, the mechanism of manifestation of these processes
in TQDC and IQDC phenomena, at first glance, is not entirely clear within the framework of known models of photoconductivity
quenching. Nevertheless, the observed effect can be qualitatively described as follows.

Let's consider a physical model of a bicrystal, corresponding to two adjacent grain boundary regions of a polycrystalline
compensated semiconductor with n-type conductivity, containing fast (s) and slow (r) recombination volume centers (Figure 6). In
equilibrium, due to the upward bending of energy levels near the interface of adjacent crystallites. Under the effective influence of
surface acceptor levels, the recombination r-centers in the space charge region, unlike the quasineutral bulk, are partially filled, and the
s-centers associated with doubly charged cadmium vacancies V; become vacant and transform into a singly charged state V¢,
(r-center), leading to an increase in the concentration of r-centers at the interface. In the space charge region, the absorption of phonons
in TQDC or IQDC quanta can lead to the transition of IQDC electrons from the valence band to empty levels at r-centers. In this case,
the generated free hole participates in recombination processes with free electrons of the conduction band either through r- and s-
centers or through surface levels, resulting in a decrease in the average concentration of conduction band electrons and dark
conductivity.
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Figure 6. Schematic of a bicrystal model with volume r- and s-recombination centers, showing electron transitions that lead to
quenching of dark conductivity with temperature or infrared irradiation.

CONCLUSION

The temperature and infrared quenching of equilibrium conductivity o, is observed only in optimally photosensitive samples
with r and s recombination centers and effectively working inter-crystallite barriers. They are not observed in freshly evaporated films
with a thin fine-grained structure and a thickness of less than 1 micron. It's interesting to note that the quenching of both equilibrium
conductivity and photoconductivity occurs within almost identical temperature (150300 K) and spectral (1.0+3.0 um) ranges. The
dependence 04(T), as well as g, (T), consists of two parts: 1) a slow decrease with an activation energy E,,~0.14 — 0.4 eV (150+230
K); 2) a sharp decrease with E,,~0.6 — 1.0 eV (230+300 K).

The infrared quenching of equilibrium conductivity is observed at T<300 K and low infrared light intensities I;z < 107! [x in
the input spectral absorption range of 1.0+3.0 um. However, with higher intensities I;z > 10~ Ix, a clear induced photoconductivity
is observed.

It's interesting that no significant residual conductivity was found in the temperature quenching of dark conductivity within the
samples. This could be attributed to the specific thermal treatment technology used, which might lead to a uniform spatial distribution
of inter-crystal point barriers.

It's noteworthy that there was no significant decrease in the influence of TQDC and IQDC throughout the year. However, various
external factors significantly impact the movement of charge carriers, leading to the loss of the sample's high photosensitivity. These
factors include prolonged high-temperature, laser or ultrasonic treatment in different environments; mechanical deformations with
sufficiently large amplitudes £ > 1072 and a large number of cycles N>500.

It's worth noting that the studied polycrystalline CdSexS1-x(Cd:Cu:Cl) samples can be used as thermal switches in the temperature
range T=150+300 K and as weak 1Q radiation detectors in the A = 1 + 3 um range at T<300 K.
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TEMIOEPATYPA TA THOPAUEPBOHE F'ACIHHS PIBHOBAJKHOI ITPOBITHOCTI B ILTIBIII CdSe.S;.«
Banimkon T. Mip3ae, bo3op0oii Ixx. Axmananies, Idprixopmkon 1. FOnuieB, Myminasxon M. Maapakcumos,
Toxip6ek I. Paxmonos
Depearncokuti depoicasHull mexHiunuil yHisepcumem, Depeana, Yzbexucman
Po3pobaeno merox orpumanus CdSe, CdSexSi« NIBOK 3 BUCOKOIO CBITIIOWyTIHBICTIO. Lle# MeTon mependadae TepMidHy 0OpoOKy
CBIKOIIPUTOTOBAHUX IUTIBOK Y BaKyyMi Ta Ha MOBITpi B CIeLiajibHO MiArOTOBICHIN KBa3irepMeTHuHiii kamepi B npucytHocti CdCl,
abo CuCl,, mo 3abe3neuye piBHOMIpHY nudy3ito ceHcnOiTi3yrounx pedoBut. Exciepumentu mokasainu, uio CdSe, CdSexSi.x miBku 3i
cTaOlTbHUMH Ta BiITBOPIOBAHUMH EJIEKTPO(I3SMYHUMH BIACTUBOCTAMH OTPHMYIOTH IIUIIXOM HarpiBaHHS 3a TaKUX TEMIIEPATyp: Ha
noBiTpi B mpucytHocTi CdCl2 — 470°C; y npucytHocti CuClz — 300°C; y Bakyymi — 480°C. TemmneparypHe Ta iHppadepBoHE TaciHHSI
PIBHOBaXXHOI IIPOBITHOCTI CIIOCTEPIra€THCS JIMIIE B ONTUMAIBHO CBITIIOUYTIMBUX. 3pa3KH SIK 3 MIBUAKUMH (T), TaK 1 3 HOBUIBHUMH (S)
LIEHTpaMy pekoMOiHanii Ta eeKTHBHO MPAIIOI0Th MKKpHUCTaIiuHi 6ap'epu. OnHAK pi3Hi 30BHIMIHI BIUIMBY iCTOTHO BIUIMBAIOTH Ha
pyX HOCIs, IO TPHU3BOMUTH 1O BTPATH BHCOKOi CBITJIOYYTJIMBOCTI 3pa3ka. IH(ppauepBoHE raciHHsA PIBHOBaXHOI MPOBIIHOCTI
croctepiraetscaa T < 300 K i HU3BKil iHTeHCHBHOCTI iH(bpadepBoHOTO cBiTna ;) < 10~ 1lx y BXiZHOMY Hiama3oHi CIIEKTPaIBHOTO

normuaanis 1.0 + 3.0 wm, a Bupaskena pOTONPOBIMHICTE 3 YiTKO BU3HAYEHUM BXOJIOM CriocTepiraeThest Ha Iz = 107 1x.
KurouoBi cnoBa: gpomouymausicms; CdSe, CdSexS1x, keasizakpuma xamepa;, mepmoobpodka, memnepamyphe ma iHgpaiepgone
2ACIHHA, NOJIe NPOCOPO8020 3apady, opetihosi bap ‘epu, po3mip 3epeH



