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ABSTRACT

Applications of wave-shaping clipping circuits based on Zener diodes are of great interest in a wide range of modern
electronic systems. As well, given the strong interest in space research and trips to distant planets, where the journey
takes long periods. Therefore, the matter requires reliance on electronic systems with special specifications
commensurate with the nature of the extremely low temperature environments, down to cryogenic level (around 90 K). So,
the present paper was concerned with studying the stability of the performance of different non-linear wave shaping
systems, based on silicon Zener diodes, whenever operates at very low temperatures down to cryogenic levels. From
which, it is clear that, for BZX79-C4V7 and BZX79-C5V6 Zeners, such electronic systems were shown to be un-sensitive
to temperature variations. On the other hand, low breakdown voltage Zeners (BZV86-1V4 and BZX83-C3V6), the clipping
edges were shown to be increases with lowering temperatures from 300 K down to 93 K. Finally, for Zener diodes with V2
greater than 6.0 V (BZX83-C6V8 and BZX55C9V1), the temperature coefficient is positive, so the clipping edges
decreases with lowering temperatures, for the same range of temperatures.
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INTRODUCTION

Two important classes of circuits known as non-linear wave shaping circuits are clipping - and clamping — circuits. Noting
that, clamping operation involves storage of energy in the circuit, while, energy storage has no role to play in clipping
circuits [1]. In general, a clipper circuit is a circuit which cuts off a portion above a predetermined level and /or below a
predetermined level of a voltage signal to be inputted, using nonlinear element such as a diode [2]. Such a clipper circuit
has been used in a variety of ways in the electronic circuit field. For example, the clipper circuit has been frequently
adapted when a stable voltage is required to be supplied to an associated circuit in a Switched-Mode Power Supply
(SMPS) circuit, the noise included in a received voice signal in a field of the communication should be eliminated, or a
rectangular waveform is formed using a received voice signal. Also, clipping circuits are known as limiters, amplitude
selectors, or slicers [3]. Such circuits are used to prevent breakdown of active devices by limiting maximum voltage that
the active device may be subjected to. They are also used at the input terminals of Op-Amp's to limit maximum differential
voltage [4]. A clipper is employed as an entrance protective circuit to avoid voltage peaks [5]. In this concern, there are two
general categories of clippers: series and parallel (shunt) [3]. Voltage limiters (clippers) may be divided into two classes:
common with p—n junction on a single crystal and micro assemblies made of two or three crystals. Single-crystal voltage
limiters are used for protecting direct current circuitry from emergency pulses. Alternating current circuits are protected
with two back-to-back connected limiters or dual-crystal limiters obtained by unifying two diodes with direct or reverse p—n
junctions [6].

1 THEORY of OPERATION for SHUNT ZENER DIODE CLIPPERS

Shunt Zener diode clippers are the simplest form of such networks, where it is basically consists of single Zener diode
connected parallel to the load. In this concern, Figure 1 shows the three versions of such clipper/limiter circuits, i.e.,
positive (Figure 1a) -negative (Figure 1b) - and - double ended (Figure 1c) - clippers/limiters. For the operation of the first
one (Figure 1a), positive clipper, normally, it removes some part of waveform (from an ac input) in positive half cycle. The
input waveform is limited, resulting in the output waveform from the negative Zener rated voltage to + 0.70 Volt. On the
other hand, the negative clipper (Figure 1b) removes some part of waveform (from an ac input) in negative half cycle. In
this circuit the output voltage levels will be limited to between - 0.70 Volt and the Zener voltage rating [7]. Finally, the
double ended clipper circuits (Figure 1c) are generally well-known in the prior art and one such clipping circuit [8]. In this
case, the circuit removes some part of waveform (from an ac input) in both positive and negative half cycles. The two
Zener diodes D; and D; in the circuit have breakdown voltage (Vz1) and (Vz2), respectively [4].
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Fig 1: Shunt Zener diode clippers (a) Positive, (b) negative, and (c) double ended.
2 EXPERIMENTAL PROCEDURES

During the course of the study, the operation, applications and the effects of temperature down to very low levels
(cryogenic) on shunt Zener diode clippers, operate in their three modes, were investigated. In this concern, the study is
based on different Zener diodes covering wide range of low breakdown voltages range from 1.40 Volts up to 9.10 Volts
(BZVv86-1V4, BZX83-C3V6, BZX79-C4V7, BZX79-C5V6, BZX83-C6V8 and BZX55C9V1). Figure 1 shows the proposed
clipper circuits, where, the input signal was a 9.0 Volts sine wave pulse with frequency of 400 Hz. Finally, all
measurements were carried out at different temperature levels within the range from room level (300 K) down to
cryogenic level (93 K) using the cooling system, previously published by the authors [9]. A temperature rate of change of
10 °C /min was used, and a soak time of at least 20 minutes was allowed at every test temperature.

The basic cooling system components are: a special glass cell with its glass cover having embedded tungeston
electrodes, pressurized gas cylinder and liquid nitrogen dewar flask (Figure 2). The glass container was connected to a
vacuum system and to the nitrogen gas cylinder via three way T-junction glass valve. The glass cell immersed in the
dewar flask, and the open part of the top of the dewar flask was covered by thin disc of insulating material for thermal
isolation. The glass cell was evacuated by a rotary pump and hence the dry nitrogen gas was admitted to the cell and its
pressure is then adjusted to be slightly higher than the atmospheric pressure to ensure the absence of any humidity from
the atmosphere inside the cell. The specimen temperature could be decreased by the addition of liquid nitrogen to the
dewar flask.

Glass
l | container
Pl:ﬁ_llc top — Bee To N2
for insulating |
To
wacuiree
sy sterm
— N
= — Docwar flask
I,i_qlli(l -
Nitro=mcn >
- Insulatcd
containcr
- —

Fig 2: The construction of cooling system used for controlling the sample temperature from room
temperature down to liquid nitrogen temperature.
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3 RESULTS AND DISCUSSIONS
3.1 Temperature Dependence of Zener Diodes Characteristics

Temperature variations can have significant effects on the electrical characteristics of semiconductor diodes, the matter
which is clearly shown from Figures (3 and 4) for the case of the proposed different Zener diodes (BZV86-1V4, BZX83-
C3V6, BZX79-C4V7, BZX79-C5V6, BZX83-C6V8 and BZX55C9V1). From which, it is clear that the forward threshold
voltage decreases with increasing temperature. As an example, for the diode BZV86-1V4, the threshold voltage had a
value of ~ 0.82 Volt, measured at room temperature (300 K), goes to ~1.07 Volts with cooling the diode down to 93 K for a
given current. Similar behaviors were obtained for the remaining Zener diodes.

In general, Zener diodes are not used with forward bias, but if forward biased operation is requested, deliberate attention
should be paid to the absolute maximum ratings [10, 11]. The shown effects are mainly due to that the operation of
ordinary diodes at cryogenic temperatures is mainly influenced by the effect of carrier freeze out at low temperatures. In
addition to freeze out effect, the increase in the junction potential due to Fermi level shift, also, affects the operation of the
diodes. The forward bias voltage drop V, (threshold voltage V,) can be a measure of the junction potential [12]. Over an
intermediate range of temperatures in doped silicon, including room temperature, there is enough thermal energy to fully
ionize all mobile carriers. This is due to the small energy gap between the impurity energy states and conduction band (or
valence band for p-type). The mobile carrier concentration over this range is generally assumed to be the same as the
doping concentration (Figure 4). As temperature decreases below this range, however, there may no longer be enough
thermal energy to ionize all the impurity atoms. This condition is known as incomplete ionization, or freeze-out [13].
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Fig 3: Temperature dependence of the forward threshold voltage for the proposed Zener diodes.

The breakdown Zener voltage (Vz) dependence on temperature, plotted at two different operating currents was shown in

Figure 4. From which, it is to be noted that, the temperature dependence of Vz should be considered not only for the

change in ambient temperature but also for the junction temperature increase due to the Zener diode power dissipation

[10]. It is known that two mechanisms of breakdown can be present in Zener diodes: avalanche breakdown and Zener

(tunneling) breakdown. For the silicon and germanium diodes, the breakdown is due to tunneling effect when the
T

Br —

breakdown voltage is less than 9 (Figure 4(a, b)) and is caused by avalanche multiplication when the

A _
breakdown voltages is in excess of Br 9 (Figure 4(e, f)), where Eg is the semiconductor band gap in eV. For
Al Va

voltages between "Br and " Br both mechanisms of breakdown is present (Figure 4 (c, d)) [14].

4912 |Page
June 2017 www.cirworld.com



ISSN 2347-3487
Volume 13 Number 6
Journal of Advances in Physics

48
I_=105mA
456 o o
E 44
N L—l
® = 42
= ®
o =
> S 404
N 164 =
> 381 =5 mA
1.2 3.6
0.8 T T T T T T 34 T T T T T T
) 120 150 180 210 240 270 300 ) 120 150 180 210 240 270 300
Temperature, K Temperature, K
(@) (b)
5.2 6.0
B I, =70mA
5.0 I, =85 mA 574 W
H s M = 54 |, =5mA
i ._’__‘.’_r_,;———r’—"—""'LL_——. 2 .’/.’M,.-é—r"”‘/
- =
ey o
S 464 > 514
>"N >T\1
444 48
4.2 T T T T T T 4.5 T T T T T T
) 120 150 180 210 240 270 300 90 120 150 180 210 240 270 300
Temperature, K Temperature, K
72 © 96 @
70l 0l l,=43mA o
K N
—~ 6.84 = 924
® ®
= =
(] o
S 66 S 90
S S
6.4 8.8
6.2 T T T T T T 8.6 T T T T T T
90 120 150 180 210 240 270 300 ) 120 150 180 210 240 270 300
Temperature, K Temperature, K
(€ (f)

Fig 4: Temperature dependence of the breakdown Zener voltage at a given test current for the proposed Zener
diode (a) BZV86-1V4, (b) BZX83-C3V6, (c) BZX79-C4V7, (d) BZX79-C5V6, (e) BZX83-C6V8, and (f) BZX55C9V1.

The temperature coefficient (TC) versus Zener voltage of the proposed diodes was shown in Figure 5. From which, it
clearly shown that a negative to positive temperature coefficient “transition” will occur in the vicinity of the breakdown
voltage value of 5.0 Volts for most Zener product designs. For Zener breakdown voltages value above 5.0 Volts, the
positive TC for avalanche breakdown is domain. Finally, for those diodes with breakdowns around 5.0 Volts or below,
where transition to field emission or “tunneling breakdown” occurs, negative values of TC were observed [9, 15].
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Fig 5: Temperature coefficient versus Zener voltage of the proposed six diodes.
3.2 Performance of Shunt Zener Diode Clippers at Low Temperature
3.2.1 Positive Zener Diode Clippers

The transfer characteristic graphs of the Zener diodes positive parallel clippers were shown in Figure 6. The graphs
represent the figure of output voltage (Vo) against input (Vi) with time as an implicit variable [16], for the studied Zener
diodes, plotted at two temperature levels of 300 K and 93 K (for simplicity). The mathematical equation for such a figure is
given by [1]:

Vo =-Vz for \ <-Vg, DZin breakdown region

Vq = for -V <\Vi<V |, Dsisopen e 1
o=V z<M<Y, zisop (N
Vo = Vv for \{>Vy, Dzinconducts

During the positive half cycle of the 9.0 Volts peak input signal, the Zener diodes are forward biased, that is, conducting.
The positive half cycle of the sine wave is shorted out. The positive half cycle of outputs waveforms would be clipped at 0
V for an ideal diode. The waveform is clipped at V, = + 0.75 Volt at room temperature (300 K), while at 93 K is clipped at
about V, = + 1.0 Volt for BZV86-1V4 (Figure 6a), this increases in forward threshold voltage (V,) due to the effect of low
temperature on forward characteristics (Figure 3). On the other hand, during the negative half cycle of the input signal, the
Zener diodes are reversed biased. Hence, the clipper will limit the negative half cycle of a signal to its reverse breakdown
voltages, - 1.40 Volts, measured at room temperature level (300 K), the value which was shown to be increased up to —
2.0 Volts, measured at 93 K (Figure 6). This increase in the reverse breakdown voltages are due to the effect of low
temperature on reverse characteristics of the Zener diode of type BZV86-1V4 (Figure 4a). Where, any change in junction
temperature generally changes the Zener voltage Vz. The temperature coefficient is approximately + 2 mV/°C [17].
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Fig 6: Transfer characteristics graphs of unsymmetrical positive clipper based on different Zener diodes (a)
BZV86-1V4, (b) BZX83-C3V6, (c) BZX79-C4V7, (d) BZX79-C5V6, (e) BZX83-C6V8 and (f) BZX55C9V1, plotted at two
temperature levels.

3.2.2 Negative Zener Diode Clippers

The transfer characteristics graph of the negative Zener diode clippers, plotted at two temperature levels of 300 K and 93
K, was shown in Figure 7. When the positive peak of the input signal is limited by Zener action and the negative voltage is
limited to - 0.60 Volt (-V,), measured at 300 K, it is shown to be limited or clipped at -1.20 Volts, measured at 93 K, for
Zener diode of type BZV86-1V4 as an example (Figure 7a).

During the positive half cycle of the 9.0 Volts peak input signal, the Zener diodes is reversed biased. The Zener diode
clipper will limit the positive half cycle of a signal to its reverse breakdown voltages as shown in Figure 7. For example,
and from Figure 7a, if the output waveform tries to exceed the +1.40 Volts limit at room temperature, the Zener diode will
"clip-off* the excess voltage from the input producing a waveform with a flat top still keeping the output constant at +1.40
Volts (V7). On the other hand, at 93 K, the output waveforms were shown to be clipped at + 2.0 Volts.

The input-output relation of the negative parallel Zener diode clipper circuit is obtained as (Figure 7) [1]:

Vp =-V for <-V, D> conducts

07 Ty V<Y Z

% =V for -V, <M <Vg, Dzis Open ., )
4 :VZ for \{>VZ, Dzis in breakdown region
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Fig 7: Transfer characteristic graphs of unsymmetrical negative clippers based on different Zener diodes: (a)
BZV86-1V4, (b) BZX83-C3V6, (c) BZX79-C4V7, (d) BZX79-C5V6, (e) BZX83-C6V8 and (f) BZX55C9V1, plotted at two
temperature levels.

3.2.3. Double Ended Clippers

The paper was extended to include the double ended clippers. In this concern, Figure 8 shows transfer function of the
proposed clipper circuit (Figure 1c), plotted at two different temperature levels of 300 K and 93 K (for simplicity). When the
input voltage is positive and exceeds (Vz + V,) Volt, the diodes conduct, with the D; forward biased (and thus with a
voltage drop (V,) of 0.60 Volt) and the D reverse biased and in breakdown mode. If the input voltage increases, the output
is held at (Vz + V,) Volt. Similarly, if the input is more negative than — (Vz + V,) Volt, the D, diode is forward biased with
0.60 Volt drop and the D; is reverse biased with a voltage drop of Vz. Thus, the output can never be less than — (Vz + V,)
Volts or greater than + (Vz + V,) Volts [18].
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The transfer function (Figure 8) of the proposed double ended clipper has an output voltage V, which is identical to its
input so long as the input voltage in amplitude is below the breakdown voltage of one of the Zener diodes plus the forward
voltage of the other Zener diode [8]. For example, as shown in (Figure 8a), where the Zener diodes are selected as being
BZV86-1V4, the output voltage of the clipper circuit ranges between — 1.90 Volts and + 2.05 Volts, measured at room
temperature, and -3.16 Volts and + 3.22 Volts, measured at cryogenic level (93 K). If other Zener diodes are selected, as
shown in (Figure 8), the clipping levels are different and correspond to the sum of the forward and reverse voltages
associated with the selected Zener diodes.
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Fig 8: Transfer characteristic graphs of symmetrical Zener double ended clipper based on different Zener diodes
(a) BZV86-1V4, (b) BZX83-C3V6, (c) BZX79-C4V7, (d) BZX79-C5V6, (e) BZX83-C6V8 and (f) BZX55C9V1, plotted at
two temperature levels.

4 CONCLUSIONS

As clipper circuit is of great interest and importance in a wide number of modern electronic circuits, where it is normally
employed as an entrance protective circuit to avoid voltage peaks. So, the present paper was interested in the
performance, analysis, and operation of some clipper circuits based on Zener diodes. As well, the paper showed a
detailed study about the effects of low temperatures levels
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