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SUMMARY
The current-voltage characteristic, the dependence of the nonmonotonic temperature on the differential resistance, and the change in
the sign of the temperature coefficient depend on the change in the breakdown voltage. The change in the sign of the temperature
coefficient is assoctated with the charging of the space charge region in the p-n junction, which occurs in the deep level. Because of the
avalanche breakdown in silicon, the charge change in the deep level has a strong effect on increasing and decreasing the probability of
microplasma formation. Measuring the possibility of turning on microplasma without filling deep centers makes it possible to obtain
information about the mechanism of creation of charge carriers in microplasma channels of the p-n junction.
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Recently, in [2], new interesting phenomena were described that are observed during the breakdown of
electron-trained silicon p-n junctions. If the concentration of the deep center is low, then they affect the
statistical delay in the breakdown of microplasmas [3]. It has been shown that, when the charge state of the
deep center changes by a partial decrease in the voltage at the p—n junction, the statistical delay of microplasma
breakdown makes it possible to estimate the energy spectrum of deep levels localized in the microplasma
channel at their low concentration, when other methods are inapplicable [4]. When studying the nonmonotonic
dependence of temperature on the differential resistance of the Rd microplasma, it turns out that the change
in the sign of the temperature coefficient depends on the breakdown of the alternating current and the
concentration Up. The change in the temperature coefficient is explained by the authors in scientific papers
[5]. In the p-n junction, the space charge is charged in deep layers. As a result of the growth of an infinitely
thin layer at a constant temperature, Rt appears - a negative value of the temperature component of the
resistance on the voltmeter characteristic [6].

In this approximation, the maximum field strength Em after breakdown is constant (Em=Eb=const) and almost

in the entire space charge region (SCR). If p=0 ; n =——

q-Vn
px)=q-IN=n—=N;i-ful (1)
Ine j— mnotHoctu Toka, Vi - npeiihoBas cKOPOCTh HMEKTPOHOB. MICIIONB3ys H3BECTHOE COOTHOIIECHHE
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Where j is the current density, is the drift velocity of electrons. Using the known relationship between voltage
U, PO and the maximum field strength En for a sharp transition, we obtain the CVC after breakdown in the

form

N
U= Ubreakdown(o) N—n—N;f (2)

The index 0 (zero) hereinafter refers to the values corresponding to the zero filling of the deep level. In the
nth layer, the space charge region (SCR) can be recharged with a change in current or temperature only at a
deep level located in the upper half of the charged band, for which, when the number of donors is greater than
the number of acceptors

an

2=Neew(—n) )

Ne is the effective density of states, Ei is the ionization energy of a deep level. The main role in the study of
the functions of diodes of an avalanche diode [7] is played by a theoretical study of the variability of bulk
breakdown in a p-n junction, and the differential resistance of a microplasma is expressed in terms of Rq. As
is known [7], in general case, the value of the differential resistance of the microplasma Rp can be written as
the sum

Tl1=

Rjp=RotR: +R¢ 4)
where Ry is the spreading resistance,
Rc - resistance (SCR) space charge region,
Rt is the thermal component of the microplasma resistance.
According to [7], the value of RO can be calculated by the formula:
V2-p
()
z-d

mn

Ro =

where p = - specific resistance of the base;
w is the carrier mobility,
dmp - microplasma diameter,
n is the concentration of free charge carriers.
the second resistance is the space charge region (SCR) in the p-n junction of silicon:

— A+9)-j+i]?
'RC - RCO /1]+]1 ] (6)
2 2
In thatRg, = —2be— = — @b 20k
2-€-€9Vp-S -d? T me £0Vn A2,
2'8.80'1/11'#
- this U=Ubreakdown (0) - the width of the space charge region. S is the cross-sectional area of the
microplasma.

The value of Rt, taking into account the variability of heat release in the p - n junction, is determined as:

) L-x,
= M{[ j[z,/z +R2 +R? -1 n(z+ z +Rfm) |7z ]——{ +Rfm—|z|3}} (7)

A-d2,L N

where: - - coefficient of thermal conductivity of the semiconductor,
mp - microplasma breakdown voltage,
- temperature coefficient of breakdown voltage,
© 2023 EPRAIJRD | Journal DOI: httpsy/doi.org/10.36713/epra2016 | https;/eprajournals.comy | 171 |



4 ”~
L&)
SJIF Impact Factor (2023): 8.574/ ISI LF. Value: 1.241| Journal DOI: 10.36713/epra2016 ISSN: 2455-7838(0nline)
EPRA International Journal of Research and Development (IJRD)

Volume: 8 | Issue: 6 | June 2023 - Peer Reviewed Journal

L is the length of microplasmas [8].
The temperature of the microplasma channel in comparison with the ambient temperature is determined by
the expression:

Rr1-4] Rr5-4]
ATO == ATl + ATZ = ,B’I'WEJMH + B‘TI:IZMH (8)

Where Ump is the microplasma breakdown voltage;
RT», AT> - thermal component of the diode resistance and its heating as a whole;
RT1, and ATy are the corresponding values for the microplasma channel.

__ Rpq4] Rpo-A]

The value of ATO allows us to determine fromAT, = AT; + AT, = 5 -Unn + 3 .Unm temperature of the

microplasma channel, RT2 is easily determined from the thermal resistance known from the experiment
Ry, = UL, )
In the experiment, the value of the total series resistance is found, which, in addition to

R =R + Ry, (10)
includes the spreading resistance RO and the SCR resistance Rc , and it is difficult to determine RT
experimentally .
In view of the nonmonotonic temperature dependence of the differential resistance of the microplasma Rd , at
low temperatures T the differential resistance of the microplasma is calculated depending on the temperature

T and the current density j.
The first is the corresponding values for the microplasma channel

_ Je'Ja __ Jrr-Upo EkrT | 3
Rr1 = Reo (Aj+j1)2 [1 T (k~T t 2)] (11)

Second term

(14y)-j+is
Ry, =R [—] 12
T2 TO | ™ A+, (12)
heating device.
2 2 2 2
Where R, = ——20— = —~bo = —=%bo _
2-8&9Vp'S d2y, T-&-€9'Vn Afan

T
Z.S.SO.Vn.T

. N
J1=q - Vp Ny Jje=q- vy N /1=(1+V—;t)

I - thermal resistance of the device
As the temperature rises, the GCs begin to empty, fn strongly depends on T and j, so Rqsharply increases

(L+7+A) 44l
: : Ry =R (T)=1R ’ —
and reaches its maximum value.™ TS Wi (13)

At a temperature

i - . ]
/_ -
A I (14)
HpI/I naaneﬁmeM YBCIIMUCHU TEMIICPATYPhI CKOPOCTb SMUCCUM HAMHOI'O IMPEBOCXOAUT CKOPOCT 3aXBaTa, Iy
MOJIBHOCTBIO O MyCTOIIaloTCsA U R, omsiTh iepepacraet 3aBucuTh oT ju T [9].
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With a further increase in temperature, the emission rate far exceeds the capture rate, the BCs are completely

emptied, and Rq again outgrows the dependence on jand T [9].
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1-Fig. Temperature dependence of the differential resistance in the breakdown region of a silicon reverse p-n
junction. Fluence radiation, ®, cm -2 : 1 - up to radiation , 2 - 5410, 3 - 1+10% , 4 - 2¢10% | 5 - 310'® | 6-

5410, 7- 4.10'°, 8-6-10'° [2].
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In the vicinity of T=T_max, Rq strongly depends on the current
and decreases with the value A-j<<j_1, this decrease in Rq means
“softening” of the CVC observed experimentally. Finally, at all
temperatures and currents, Rd increases, and T decreases with
increasing Nt in full accordance with the results of [2]. It is also
interesting to note that at low temperatures and low currents,
when the inequalities

AJ<]_1<<j_t the presence of a GU can increase Rt much briefly
even if . Speaking about the temperature dependence of Uy, we
mean the voltage corresponding to a certain fixed value of the

current, this dependence is fully described by the equations
B, = L Bro — J-J1 e
ETuoar T ETO @il il N

2-Fig. VAXsilicon p-n reverse
junction [2].

1,1'— 300 K;
2,2 252 K;
3,3 —220K;
4,4 — 200 K.
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Where B_To=(1/U_bo )-((dU_bo)/dT) it is easy to make sure that at , an anomaly should be observed on the
dependence, and the sign of p_T should even change if, 1/(2-(1+A+y)) -N_t/N-E_g/(k-T)>p_To=10"(-3)
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3-Rice. Temperature dependence of differential resistance in silicon p-n junction at different temperatures
[2].

In the non-isothermal case, a significant Rd is the thermal component RT1, but in low-voltage devices, taking
into account self-heating does not give anything qualitatively new compared to the above, in high-voltage
devices, the most interesting effect of self-heating is a strong change in the large “trap” resistance Rt From

. . 2

RT1 = RcO (A'{i:-]jll)z [ - ]'TT’I;UbO (iL;: kE’I;
the sign of Rt changes, therefore, in the vicinity of T=Tm, the Rd(T) dependence should show not a maximum,
but a minimum. Moreover, if R_t|> [ R] _T:+R_T2, a section with negative differential resistance may
form. This effect was observed earlier in [10-11] when studying high-voltage silicon p-n junctions. It is
obvious that the presence of several types in the forbidden zone. GU, with different ionization energies

should lead to the appearance of an appropriate number of maxima (or minima) in the dependence Rt(T) at
q-1
r=1 =g |kniteVe
temperatures, defined by the formula A bl
However, it should be noted that the contribution of different BCs to Rd is additive only at Nt<<N,
since the thickness of the SCR ®_, on which Rq depends on the filling of all types of BCs.
However, it should be noted that the contribution of different BCs to Rd is additive only at Nt<<N,

since the thickness of the SCR ®_, on which Rd depends on the filling of all types of BCs

Above, we did not explicitly assume that the quantities n, = % =N, exp(— %) ny = % are constant
n ! n

throughout the SCR, and the equilibrium value was used for nl. In fact, in a strong p-n junction near
breakdown, the rate of thermal generation increases due to the Pool-Frenkel effect or thermally stimulated
tunneling [12-13]. The main consequence of this is the dependence of effective ionization energies. GU Et
from the field, and hence from the coordinate. Therefore, the recharging of even one type of GU will occur in
different SCr currents at different temperatures. In addition, the field dependence will lead

3 .
+ 5)] BUHO,UTO TIpH J - Tp. - Upy >
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C.n (ecun Y >>1) and non-uniformity of SCR temperature in high-voltage devices. Therefore, the

n

7/:

width of the peaks in the Rd(T) dependence should be greater than what follows from the formula Ry =
ek [ _ L71Uno (Exr
(A-j+j1)? T kT
difficult to use the Rd(T) dependence; the number of DLs in the device is too small to be able to use
capacitance spectroscopy [14].
This greatly affects the breakdown of the current in silicon to deep levels; A change in the charge of deep
levels can also lead to an increase or decrease in the probability of the appearance of microplasma.

JAITI0A

+§)] according to whichT =T,,(1 +0,1). This circumstance makes it
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6-Fig. Typical junctions obtained by the method of modulating BAX differentiation in a silicon p-n junction
[15].

From this process one can explore the deep center. As the temperature rises, the mean free path decreases due
to an increase in the phonon concentration. Therefore, the required energy requires a large critical field at a
shorter distance. Therefore, when the diode is heated, the avalanche breakdown voltage increases. The above
results show that the analysis of the time dependence of cooling at different delay times for the relaxation of
the alternating perturbation current (avalanche breakdown) makes it possible to determine the main parameter
of deep levels - the thermal ionization energy [16—17]. This makes it possible to reduce the disadvantages of
this phenomenon (it can be called microplasma spectroscopy of deep levels) associated with the filling of deep
channels with breakdown current pulses. Analytical expression - the duration of the statistical delay of
microplasma infection, the distribution function of the main parameters of deep cells. A method has been
developed for determining the parameters of a deep center using the measurement of the statistical delay of
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microplasma recovery. Measuring the possibility of adding microplasma without filling deep centers allows
obtaining information about the mechanism of creation of charge carriers in the microplasma channels of p-n
junction silicon. Measurements at a voltage of 18-19V determine the tunneling mechanism for the entry of
charge carriers into the microplasma channel.
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