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The amplitude-time characteristics of switching in thin films of cadmium telluride were investigated
when single impulses of 1 ps duration are applied. It has been experimentally established that with an in-
crease in the thickness of the cadmium telluride layer from 3 pm to 8 um, an increase in the operating
threshold from 70 V to 105 V is observed. The maximum residual sample voltage varies from 12 V to 40 V,
the minimum — from 5 V to 20 V. The switching time of the samples was no more than 2 nanoseconds; the
interelectrode capacity of the samples was no more than 2 pF. All the test samples were operated without
failure 20 times. The structural studies of cadmium telluride films by the method of X-ray diffractometry
and scanning electron microscopy have made it possible to propose a mechanism for realizing the monosta-
ble switching of the columnar structure of cadmium telluride films oriented in the form of melted high-
conductivity channels in grains oriented in the [111] direction
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1. INTRODUCTION

One of the main requirements for modern radio-
electronic equipment (REE) is the high reliability of its
operation under the conditions of external factors. In
recent years, more attention has been paid to electro-
magnetic stability, which implies the property of pre-
serving operating parameters during and after the ac-
tion of electromagnetic impulses (EMI) of various origins
[1]. The problem of ensuring the electromagnetic stabil-
ity of REE is due to the fact that under the influence of
EMI, overvoltage impulses are induced in the circuits of
the circuits, the amplitude values of Uinp, the time rise
and the duration of which can vary within wide limits
due to the nature of the EMI, the distance from the EMI
source to the location of the REE, geometric features of
individual components of the hardware complex (anten-
nas, communication lines), as well as other factors. EMI-
induced impulse overvoltage’s can have a serious damag-
ing effect on the elements of the equipment (primarily
input devices), which is manifested in the violation of
galvanic coupling due to the melting of conductors, in
the appearance of areas of increased conductivity not
provided for by the REE design due to the deposition of
arc discharge products on the dielectric between metal
sections, a catastrophic increase in the leakage current
of capacitors and field diodes with an isolated gate in the
dielectric layer breakdown. Semiconductor devices are
particularly susceptible to damaging effects of EMI. This
is due both to the properties of the p-n junction and to
the specific heat conductivity of semiconductor materi-
als. When the reverse bias voltage of the transition is
sufficient for the onset of avalanche breakdown, a large
amount of warm energy can be released in the transi-
tion. Therefore, in local avalanche breakdown areas, due
to the progressive accumulation of heat, the temperature
can reach values corresponding to the melting point of
the semiconductor material, which causes the p-n junc-
tion to be shunted. With a decrease in the size of semi-
conductor instrument structures, the level of their dam-
age is reduced and for integrated circuits is from 10-3J
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PACS numbers: 68.55.Jk, 68.47.Fg

to 10-7J [2]. If the energy released is insignificant and
is not capable of causing thermal breakdowns, the tran-
sient processes associated with the impulse overvoltage
can cause the appearance of false signals, malfunctions,
switching and a number of other negative effects from
the point of view of the normal functioning of the ele-
ments of the REE. For computing devices operating in
real time, such short-term failures in operation lead to a
complete loss of computational efficiency.

To ensure the protection of electrical circuits, the
elements of protection of REE from impulse overvolt-
age’s are used. The most important property of the pro-
tection elements: gas discharges, semiconductor Zener
diodes, varistors and limiting diodes, is their ability to
reduce their resistance Re from 5 104-1010 Q for a short
time 7sw (switching time or response time) to a value
significantly lower than the value of the input resistance
of the protected element REE, when the voltage Ui in the
circuit exceeds the value of the threshold voltage Ui,
called the switching threshold or the pick-up threshold
[3]. If such protection elements are connected in parallel
to the protected device, then for U; > U; during a time s
the amplitude value of the voltage on the protected de-
vice is reduced to the value U; (zener diodes, varistors,
limiting diodes) or to a value significantly lower than U;
(gas discharges). The most widely used restrictive silicon
diodes, since they have high speed (zs at 1 nanosecond)
[4]. However, they can shunt a limited amount of energy
and have an interelectrode capacitance at a level of
20 pF, which limits their application for the protection of
microwave REE.

Therefore, in order to create protection elements for
microwave REE in this work, studies were made of the
amplitude-time characteristics of switching in thin
films of cadmium telluride.

2. TECHNIQUE OF THE EXPERIMENT

In order to obtain the base layers of cadmium telluride
by the method of thermal vacuum deposition, an industri-
al vacuum unit YBH67 was used. The installation has a
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size of the 0.12 m?3 work zone and allows the deposition of
cadmium telluride films on 10 cm x 10 cm substrates.

The initial vacuum was 6-10 -6 mm Hg, the working
pressure in the vacuum chamber during the deposition
was maintained at 1-10-°> mm Hg. For evaporation of
cadmium telluride films, a graphite evaporator with
indirect heating from two electrically insulated heaters
made of molybdenum wire with a diameter of 1,2 mm
(Fig. 1). The evaporation temperature was controlled
by a thermocouple installed in the volume of the heater
immediately below the sample area, which was a batch
of 99.999 % cadmium telluride with a particle size of
10 mm. The heating time of the evaporator to evapora-
tion temperatures (700 + 750) °C was 260 to 275 sec. To
achieve these speeds and the uniformity of heating, the
spatial uniformity of the vapor flow to the graphite
evaporator, a hole cricket was made. The accuracy of
maintaining the temperature of the evaporator was not
more than 5 °C.

Fig. 1 — Graphite evaporator of cadmium telluride: 1, 2 — cur-
rent inputs; 3 — graphite crucible with a hole cricket; 4 — heat-
ing elements; 5 — thermocouple

To monitor the temperature of the thermocouples of
the cover and the evaporator, a digital multimeter
MS8040 was used, which was connected via a mechani-
cal switch.

Deposition of cadmium telluride films was carried
out on molybdenum foil. Electrolytic polished molyb-
denum strips 1.5 mm in width and 50 mm in length
were placed under a mask with a hole diameter of
2 mm in the substrate holder, which was then attached
to the manipulator in a vacuum installation above the
crucible. The thickness of the deposited layers of cad-
mium telluride, which was set by the deposition time,
was 3-10 pm.

The crystalline structure of cadmium telluride lay-
ers was investigated by X-ray diffractometry. X-ray
diffraction patterns were recorded by the 6-26 method
using a JIPOH-4 X-ray diffractometer with a step of
0.01 degrees in the radiation of the copper anode.

The control of the initial electrical resistance of cadmi-
um telluride film layers was carried out at a temperature
of 20 °C in the housings of microwave diodes using a digi-
tal ampere-voltmeter II1300. Along with the initial electric
resistance of the samples to a direct current, at a frequen-
cy of 107 Hz at a temperature of 20 °C, their electrical
capacitance was measured by the device JI2-28.
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The switching characteristics of the samples were
studied on a special test bench, which included a volt-
age impulse generator, a generator control unit, and a
set of measuring equipment. The inhomogeneity intro-
duced into the coaxial line by samples at a frequency of
5 GHz, according to the reflectometry obtained with the
instrument P5-11, did not exceed 30 %. At an ambient
temperature of 20 °C, the samples were subjected to
stress impulses of amplitude U; from 100 V to 1400 V
with a duty ratio of 2-107. The rise time of the pulse to
the amplitude value was 2.5 nanoseconds. Then, the
impulse voltage decreased exponentially to 0.5 in a
time of 100 nanoseconds. The amplitude-time charac-
teristics of the process of sample switching were de-
termined by experiment. The amplitude-time charac-
teristics of the switching process of the samples were
determined from experimental oscillograms obtained
with the help of the oscillographs C8-12 and C7-19.

3. DEVELOPMENT OF THE SECURITY ELE-
MENT DESIGN

To connect to a coaxial line with a wave impedance
of 50 Ohm by soldering, film samples of cadmium tellu-
ride were placed in modified bodies of microwave diode
type J1403B. As shown by capacitance measurements
made with the capacitance meter of p-n junctions of low
power transistors JI2-28, the interelectrode capacitance
of such bodies without fillings at 107 Hz is only 0.2 pF.
For these cases, a specific design of a clamping counter
electrode was used, which was made of molybdenum.

The specificity of the counterelectrode was that it
should gently pressurize to the surface of the cadmium
telluride film and be able to freely move along the di-
rection of the perpendicular surface of the layer to
track changes in film thickness caused by its heating
and cooling during the forward and backward switch-
ing stages. To ensure such mechanical properties of the
clamping counterelectrode, a blind drilling was per-
formed at one of the hull terminals from its inner end.
The cylindrical cavity created served to house the mo-
lybdenum base against the electrode and the element of
counter-electrode spring.

The molybdenum counter electrode was a rod of cy-
lindrical shape with an outer diameter of 1,65-1,70 mm
and a length of 4,5 mm.The counter-electrode portion
contacting the switching layer had a hemispherical
surface which was polished with diamond pastes. The
end face of the counter electrode contacting the spring-
biasing element was flat. An additional element of the
filling of the case was a fluoroplastic insert of a cylin-
drical shape, which was used as a guide for the molyb-
denum counter electrode. A schematic illustration of
the assembled case with a thin-film layer is shown in
Fig. 2.

4. STUDIES OF THE CRYSTAL STRUCTURE
AND ELECTRICAL PROPERTIES OF CAD-
MIUM TELLURIDE FILM LAYERS IN THE
INITIAL STATE

Using X-ray diffractometry it was found that at
deposition temperatures of less than 300 °C, a two-phase
cadmium telluride film is formed, which contains, along
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Fig. 2 — The casing scheme with cadmium telluride film layer
installed in it. 1 — pin with internal cavity, 2 — spring,
3 — counter-electrode, 4 - fluoroplastic insert, 5 — ceramic tube,
6 — CdTe layer, 7 — substrate, 8 - inner end of the output, out-
put, 9 — technological part of the output, 10 — soldering zone

with a stable cubic modification, a metastable hexago-
nal phase. At substrate temperature above 350 °C, the
growth rate of the CdTe layer sharply decreases.
Therefore, the substrate temperature when depositing
cadmium telluride films for switched layers (320-
330) °C. Film layers were made which had a thickness
(d) of 3 um to 8 um. Investigations of the crystal struc-
ture showed that all the layers have a stable cubic
modification, as is unambiguously confirmed by the
presence of reflections from the (111), (200) (311), (400),
(331), and (422) planes (Fig. 3). The intensity ratio of
the detected peaks differs from the theoretical ones and
indicates the advantage of the orientation of the films
in the [111] direction. The morphology of the surface of
cadmium telluride films, studied with the Philips
CM30 raster microscope, indicates that the grain size
in the layer of cadmium telluride is 1 um (Fig. 4).
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Fig. 3 — X-ray diffractogram of Cadmium Telluride layer of 4 pm
thick
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Fig. 4 — Surface of CdTe films of 4 pm thick

According to the literature data [5, 6], cadmium tel-
luride films oriented in the [111] direction have a co-
lumnar structure. In the initial state, the electrical
resistance Rc of the samples exceeded 10° Ohms and
did not depend on the thickness of the layer of cadmi-
um telluride. For the initial electrical capacitance, the
value of which was from 0.4-10-12F to 1.2 -10-12 F,
there was also no dependence on the thickness of the
layer. The absence of dependence of the electrical
resistance and capacitance on the thickness of the layer
of cadmium telluride from our point of view is due to
the variation of the electrode contact area with the
switching layer of cadmium telluride.

5. STUDY OF THE SWITCHING AMPLITUDE-
TIME CHARACTERISTICS

Experimental oscillograms were used to study the
amplitude-time characteristics (ATC) of the switching
process in the resulting thin films of cadmium tellu-
ride. The qualitative form of a typical oscillogram of the
experimental stress diagram on film samples is shown
in Fig. 5 (curve 1). This figure also gives a qualitative
view of a typical oscillogram of the voltage impulses
acting on the samples.

U;
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Umax

Unnin |

Fig. 5 — Typical oscillogram of the experimental stress dia-
gram on film samples of Cadmium Telluride
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The determination of the ATC of the switching pro-
cess was preceded by the determination of the pickup
threshold, which was carried out by feeding the form-
ing impulse to the samples. The shaping impulse had
the amplitude, which was minimum necessary for the
first operation. Then several measuring impulses were
fed with the minimum amplitude necessary for the
next trips, which was identified with the value of the
threshold voltage U:. The results of ATC research are
given in Table 1. The table shows the threshold voltage
U;, the maximum voltage on the samples Us, the max-
imum residual voltage on the samples Umax, the mini-
mum residual voltage on the samples Umin, the time of
switching to the low-resistance state 7.

Table 1 also gives the electrical resistivity of the
samples to the direct current R. after a 20-fold impulse
action with amplitude U;. It was found that the values
of ATC do not depend on the polarity of the current
impulses acting on the film samples.

Table 1 — Results of studies of the amplitude-time character-
istics of the thin-film cadmium telluride samples switching
and the electrical resistivity of these samples to a direct cur-
rent after a series of impulsed effects

d, UL, Us/ Ui, (Umax - Ts, R&

um \% \4 Unin)/Ui, V sec Ohm
3 75 42/285 (20-10)/285 <2 1.7-105
3 75 38/271 (20-10)/271 <2 2.0-10°
4 70 40/214 (13-5)/214 <2 1.3-106
4 70 50/211 (12-5)/211 2 7.7-108
6 70 52/216 (15-7)/216 2 5.6-10¢
6 75 51/225 (15-7)/225 2 5.6-10¢
7 80 55/240 (20-10)/240 <2 1.5-108
7 70 53/219 (20-10)/219 2 1.-106
8 105 120/316 (40-20)/316 2 2.3-108

Analysis of Table 1 shows that with an increase in
thickness from 3 pm to 8 um, an increase in the opera-
tion threshold from 70V to 105V is observed. The
maximum residual voltage on the sample varies from
12V to 40V, the minimum — from 5V to 20V. The
switching time of the samples was no more than
2 nanoseconds. All the test samples were operated
without failure 20 times.

We believe that in the investigated films of cadmi-
um telluride, the effect of a monostable switching from
a low-conducting state to a high-conducting state is
observed, which is realized due to the appearance of a
reversible instability in the ionic subsystem. The insta-
bility in the ionic subsystem occurs when the semicon-
ductor layer melts. The source of heat for monostable
switching is the Joule layer heating of cadmium tellu-
ride by high-density current, which occurs in the ini-
tially high-resistance material. According to the litera-
ture data, when heating to 800 °C [7], the specific elec-
trical conductivity of cadmium telluride films increases
exponentially. According to [8], melting of cadmium
telluride due to the rearrangement of the crystal struc-
ture leads to an abrupt increase in the electrical con-
ductivity by more than an order of magnitude of its
electrical conductivity. When the temperature exceeds
120 °C, the coefficient of the temperature dependence
of the electrical conductivity increases noticeably due to
the inclusion of the dissociation process [9]. Since the
dissociation of cadmium telluride occurs congruently,

JJ. NANO- ELECTRON. PHYS. 10, 01016 (2018)

when both elements pass to the gas phase simultane-
ously and the stoichiometry of the remaining layer does
not change, the samples showed stability at 20 times
the impulse action.

It should be noted that at the present time, calcula-
tions of the ATC theoretical parameters in the mono-
stable switching caused by the melting of layers have
not been carried out in the literature. Nevertheless, the
fixed short switching times, which do not exceed
2 nanoseconds, which limits the amount of Joule heat
released, suggest that the switching does not occur
simultaneously over the entire layer, but due to the
appearance of the channels of the liquid phase in the
polycrystalline film layer.

Moreover, taking into account the columnar struc-
ture of the cadmium telluride layer, it can be assumed
that the dimensions of the channels correspond to the
grain sizes, which according to the results of structural
studies are 1 um. Indeed, according to the results of
X-ray diffraction studies, the obtained cadmium telluride
films are predominantly oriented in the [111] direction.

According to [10], biphasic, twinning and high con-
centration of packing defects are characteristic of cad-
mium telluride films predominantly oriented in the
[111] direction (see, for example, in [6]), which is
caused by errors in the stacking sequence of close-
packed planes to which the (111) plane refers to.

The above structural defects are easily formed due
to a slight (about 1 %) difference in the formation ener-
gies of the sphalerite and wurtzite crystal lattices and
the low energy of formation of packing defects in cad-
mium telluride. It is quite obvious that the defective
grains of cadmium telluride films oriented in the [111]
direction will melt first of all, forming highly conduct-
ing channels of molten cadmium telluride.

6. CONCLUSIONS

It has been experimentally established that layers
of cadmium telluride with a thickness of 3 to 7 um can
be used to create protection elements for ultrahigh-
frequency radioelectronic equipment since samples
representing the cadmium telluride film layers placed
in the body of microwave diodes when electric impulses
of 1 um duration were applied to them had a switching
time at a level of 2 nanoseconds and had a capacity of
not more than 2 pF. In this case, the value of the resid-
ual voltage could be reduced to 5V, and the value of
the operating voltage can be adjusted by the thickness
of the base layer.

Investigations of the crystal structure have made it
possible to propose a mechanism for monostable
switching in film layers of cadmium telluride films,
which is the formation of molten high-conductivity
channels in grains oriented in the [111] direction,
which have a columnar structure under the action of an
electromagnetic impulse.

The fixed failure-free operation of the protection el-
ements on the basis of film layers of cadmium telluride
for 20 cycles of impulse action is due to the congruent
melting of cadmium telluride films, which ensures the
preservation of the stoichiometry of the switching layer
after the action of a high-frequency electric impulse
with a high amplitude.
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AMILTUTYIHO-BpEMEHHBIE XapaKTEePUCTUKH M€ PEKII0UYEeHNUS B TOHKUX IJIEHKaX
TeJUIypuaa KaaMusa

M.T'. Xpunysos, P.B. Baiines, JI.A. Kynuii, A.JI. Xpumnyaosa

Havuonanvhbiit mexnuueckuil ynusepcumem «Xapvko6CKUll ROJUMEXHUKECKUT UHCTRUTY MY,
yat. Kupnuuesa, 2, 61002 Xapvros, Yipauna

BLIJII/I HCCJIeJOBAaHBI aMHJII/ITyIIHO-BpeMeH_HLIe XAapPaKTEePUCTHUKHU II€PEeKJII0YEeHNUA B TOHKUX IIJICHKaX TeJIJIy-
pua KaJaMus IpU Iofadye OJMHOYHBIX UMILYJIBCOB JJIATEIBHOCTEI0 1 MKC. DKCIIEpUMEHTAIbHO YCTAHOBJIEHO,
YTO C POCTOM TOJIIMHEI CJIOSI TEJUIYPHIA KaJIMUAS OT 3 MKM 0 8 MKM HaOJII0[aeTcsl yBeJIMYeHre mopora cpada-
TeiBauusg oT 70 B mo 105 B. MakcumasibHOe ocTaToOuHOE HAIps:KeHe Ha obpaalie uamensercsa oT 12 B mo 40 B,
MuHUMAaJIBEHOE — 0T 5 B 1m0 20 B. Bpemst mepeksmroueHnss 00pasIoB cocTaBIIsIIO He OoJiee 2 HCEK, MEKIJIEKTPOI-
Hasi eMKOCTh 00paaioB He 6osee 2 . Bee mccmenyemeie obpasirsr cpaboranmu 6e3 orkasa 20 pas. [Iposenen-
HbIe CTPYKTYPHBIE HCCJICIOBAHMSA ILICHOK TEJUIyPHUOA KAIMKS METOIOM PEHTTeHOBCKOM IU(PPaKTOMETPUU U
PACTPOBOI SJIEKTPOHHOM MUKPOCKOIINY HO3BOJIMIIM IIPEIJIOKUTh MEXAHU3M Peasi3allud MOHOCTAOMIBHOTO IIe-
PEeKJIIoUeHNsI, 00yCIOBJIEHHOT0 00Pa30BAHUAM PACILIABJIECHHBIX BBICOKOIPOBOIAIINX KAHAJIOB B 3€pPHAX CTOJIO-
YaTO’ CTPYKTYPHI IJICHOK TeJUIyPUIA KaJIMUsA, OPHEHTHPOBAHHBIX B HarpaseHun [111].

Knouessie ciiosa: [Inenxu TeJUIypuaa KaaMHud, AMHJ'II/ITy,I[HO-BpeMeHHbIe XapaKTepUCTUKH, Penrtrenosckast
Z[I/Id’)paKTOMeTpI/IH, PaCTpOBaH QJICKTPOHHASA MHUKPOCKOIINAI, PacrurasiieHubii BBICOKOHpOBO,I[HH.H/Iﬁ KaHaJ.

AMILTITYTHO-4aCOBi XapaKTEePHUCTUKH IIEPEMUKAHHA B TOHKUX IUIIBKAX TeJIyPUAY KaaMilo

M.T'. Xpumnyuos, P.B. 3aiies, .A. Kymii, A.JJI. XpunyHosa

Hauionanvrnuii mexniunuli yrisepcumem «XapKiéCoKull NOAIMeXHIYHUL THCMUmym»,
eyn. Kupnuuosa, 2, 61002 Xapkis, Ykpaina

Bynu mocmimkeHl aMILTITYJHO-9ACOB1 XapaKTEePUCTUKY IIEPEMUKAHHS B TOHKUX ILTIBKAX TEJIyPUILY Kaj-
MiI0 IIPX IOAAYl OJUHOYHUX IMIIyJIbCIB TpUBAJicTIO 1 MKc. ExcIieprMeHTaIbHO BCTAHOBJIEHO, IO 3 POCTOM
TOBIIUHY IIAPY TEJIYPUIY KAAMII BiJ 3 MKM /10 8 MKM CIOCTEPIraeThCsi 301JIbIIEHHS IOPOTY CIIPAI[bOBYBAH-
ua Big 70 B no 105 B. MakcuMasbHa 3aIMIIKOBA HAIIPYTa Ha 3paskKy aMiHoeTbes Big 12 B mo 40 B, minima-
apHa — Bl 5 B 10 20 B. Yac mepemukaHHsA 3pas3kiB CTAHOBUB He OLIbINE 2 HCEK, MIMKEJIEKTPOIHA €MHICTD
3paakiB He 6iabnre 2 n®d. Bei mocmimprysani sapasku crparoBanu 6e3 Bigmosu 20 pasis. [Iposenseni ctpyxTy-
PHI TOCJTIPKEeHHS IUTIBOK TEJIYPHIY KaIMII0 METOJIOM PEeHTreHIBCHKOI MrudpaKTOMEeTpii Ta PACTPOBOI €JIEKT-
POHHOI MIKPOCKOIIII JO3BOJIMJIM 3aIIPOIIOHYBATH MEXaHI3M peasisaliii MOHOCTaOlIFHOTO IIepeMHUKAHHS 00y-
MOBJIEHOTO YTBOPEHHSIM PO3ILIABJIEHHX BHCOKOIIPOBIIHUX KAHAJIB B 3ePHAX CTOBITYATOI CTPYKTYPH ILIIBOK
TeJIypUAY KaaMio, OpIeHTOBAHUX B HANPAMKY [111].

Kmiouosi cnosa: [1nisku Temypuay kaaMio, AMIUIITYIHO-4aCOB1 XapaKTepHUCTUKN, PeHTTeHIBCbKa audpa-
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KToMeTpisi, PacTpoBa enexrporHa MiKpocKomisi, Po3riaBiieHui BUCOKOIIPOBIIHUN KaHAJI.
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