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The article deals with the issues of the operational calculation of the breakdown voltages of drift n-p-n
transistors in the inverse operating mode when calculating the parameters of their structure according to
the given electrical parameters and characteristics. When calculating the parameters of the structure of a
bipolar drift transistor, the concentrations at the collector-base (IN¢cg) and emitter-base (Ngp) p-n junctions
are determined for a given avalanche breakdown voltage. The limitation of the minimum base thickness
(WB.min) 1s determined by the given value of the voltage of the transistor base puncture and by a certain cal-
culated impurity concentration between the concentrations of Ncp and Nes. The calculated impurity concen-
trations in the base of the drift transistor in the forward and inverse modes of operation differ significantly.
The technological experiment was carried out on silicon wafers with two different impurity concentrations in
epitaxial structures and with different base thicknesses, as indicated by different values of the current am-
plification factors both in the direct and inverse connections. The concentration values were determined by
calculating Ncs and Ngp according to the known boron diffusion mode to form the transistor base regions.
The depths of p-n junctions were determined by the ball-thin section method. The electrical parameters of
the transistors in direct and inverse connections were measured on an JI2-56 semiconductor device meter.
Based on experimental data, the calculated impurity concentration in the base of the drift transistor is de-
termined from the values of Ncg and Nep. The resulting calculation expression can also be used to calculate
the base voltage of drift n-p-n transistors in the inverse operating mode, the base voltage of switching tran-
sistors in I2L elements, as well as to calculate the area of the reverse gradient of ultra-sharp varicaps.
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1. INTRODUCTION

In bipolar microcircuits, along with typical applica-
tions of drift n-p-n transistors, these transistors are
often used in the inverse mode, in which the breakdown
voltage is several times lower than the breakdown
voltage during direct switching due to the uneven dis-
tribution of impurities in the base of the transistor.

Therefore, in the on-line calculation of the structure
of the drift transistor according to the given electrical
parameters with respect to the method proposed in [1],
it is desirable to simultaneously evaluate the break-
down voltage of the drift transistor in the inverse mode.

2. DESCRIPTION OF THE OBJECT AND
RESEARCH METHODS

2.1 Analysis of Recent Research and
Publications

Considerable attention is paid to the problem of de-
termining the exact characteristics of p-n junctions and
semiconductor structures based on them. The studies
mainly concern combinations of semiconductor materi-
als used to create semiconductor structures and the
influence of various external conditions on their char-
acteristics, including breakdown parameters during
inverse switching [2-8]. The real value of the break-
down voltage of bipolar transistors, both in direct and
inverse switching, is determined by the smaller of the
values of the avalanche breakdown voltage and the
puncture voltage of the base when the space charge
region (SCR) of the collector p-n junction, passing
through the base, reaches the emitter region.
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The avalanche breakdown voltage of the transistor
is determined through the avalanche breakdown voltage
of the collector-base p-n junction and the gain of the
transistor. In addition, when calculating the breakdown
voltage in the inverse mode of operation with the ava-
lanche mechanism, it is necessary to take into account
the ratio of the emitter and collector areas [9]. And the
puncture voltage of the base (Up: > Ucko) is determined
by the thickness of the base of the transistor and the
concentration of impurities in the base, according to the
formula [10]:

U =

pt. - (DK ’ (1)
where Wp is the base thickness of the bipolar transis-
tor, e is the electron charge equal to 1.6:10-19 C, Np is
the impurity concentration in the base, ¢k is the con-
tact potential difference at the collector p-n junction.

On the other hand, if the concentration of the impu-
rity in the base of the transistor is known, then for a
given breakdown voltage, one can estimate the mini-
mum required thickness of the base by transforming
expression (1):

@

W > 2‘8'80‘(Upl+(pK)'
B.min e-NB

Due to the uneven distribution of the impurity in
the base of the drift n-p-n transistor in formulas (1) and
(2) with direct connection, the calculated average value
of the concentration of the impurity in the base N is
used, which can be estimated by the expression [11]:
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where NEgp is the impurity concentration at the emitter-
base p-n junction, Nc¢s is the impurity concentration at
the collector-base p-n junction, Np, is the average cal-
culated impurity concentration in the base.

2.2 Purpose of the Study

Usually in transistor-transistor logic microcircuits
at the inputs, inverse switching of bipolar transistors is
used. In addition, in bipolar logic circuits it is conven-
ient to simultaneously use part of the circuit (input and
output stages) on drift n-p-n transistors, and the logical
part on 2L elements, which can significantly reduce
the current consumption of the chip and the chip area.
In order not to complicate the manufacturing technolo-
gy of such microcircuits, n-p-n transistors and 2L ele-
ments have the same structure as drift n-p-n transis-
tors, but are used in inverse switching.

In addition, if there is data on the average calculat-
ed impurity concentration in the base, formulas (1) and
(2) become universal, and they can be used to calculate
the puncture voltage of the base or calculate the thick-
ness of the base for any type of bipolar transistor with
any inclusion.

Studies have shown that the values of the real
puncture voltages of the base of drift n-p-n transistors
in the inverse inclusion using formula (3) gives values
that differ greatly from the calculated ones, although,
as expected, the denominator becomes more than 2,
since the logarithm of the concentration ratio (Ngs/NcB)
becomes negative. This is due to the fact that when
inversion is turned on, the SCR propagates from the
region with a high concentration to the region with a
low concentration.

The aim of the work is to obtain an expression for
determining the average calculated impurity concen-
tration in the base of drift n-p-n transistors when in-
verted.

3. EXPERIMENTAL

To determine the dependence of the puncture voltag-
es of the base of a bipolar drift transistor in inverse
switching, batches of plates were carried out in the fol-
lowing modes of creating the base and emitter regions of
transistors.

For the experiment, single-layer epitaxial structures
of n-n* type (plates No. 1, 2, 3, 4, 5 and plates No. 6, 7, 8,
9) were used.

The base regions of the transistors were prepared
after the first photolithography by ion doping with
boron at a dose of 12 uC/cm? and subsequent accelera-
tion at a temperature of 1150 °C in a gas-vapor medi-
um: 5 min — dry Og; 25 min — water vapor in the Og
carrier; 50 min in nitrogen (N2). Then, the 2nd photoli-
thography was performed under the emitter region.
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The emitters were created simultaneously on all plates
with a diffuser of phosphorus (P) at a temperature of
1040 °C.

Additionally, for plate No. 2, phosphorus (P) was fur-
ther distilled at a temperature of 900 °C for 18 min, for
plates No. 3 and 6 within 33 min, for plates No. 4 and 7
within 45 min, for plates No. 5 and 8 within 55 min, and
for plate No. 9 within 60 min.

After the 3rd photolithography, we measured the
amplification factors of transistors and breakdown volt-
ages, both for direct and inverse switching. Measure-
ment of electrical parameters was carried out on a pa-
rameter meter of semiconductor devices — JI2-56, certi-
fied with a measurement error of not more than 5 %.
The measurement data are shown in Table 1. Also, the
depth of the emitter and collector p-n junctions was
measured on the test crystals of these plates using the
ball-section method, the data are shown in Table 1. For
a more accurate determination of the depth of p-n junc-
tions, the test crystals were located on the cross (Fig. 1).

The depth of the p-n junction was determined as the
average value of five measurements and was rounded
to 2-3 significant digits. The calculated value of the
thickness of the base of the transistor was determined
as the difference between the depths of p-n junctions.

The real breakdown voltage of a bipolar transistor,
both in direct and inverse switching, is determined by a
lower value from the base puncture voltage and the
avalanche breakdown voltage. If the real breakdown
voltage of the transistor is determined by avalanche
breakdown, then the base transistor puncture voltage
was determined by the value of the extrapolation volt-
age of the output I-V characteristics (Ug is the Earley
voltage), since according to [10], the Earley voltage and
the base puncture voltage are calculated using the
same expressions. For this purpose, the real output I-V
characteristics of transistors connected with a common
emitter were recorded on a parameter meter of semi-
conductor devices JI2-56, by which the extrapolation
voltages were determined (see Fig.2), the obtained
measurement data are also listed in Table 1.

Fig 2 — Determination of extrapolation voltages (Earley volt-
age Ug) from the output current-voltage characteristics of a
bipolar transistor in a circuit with a common emitter
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Table 1 — Measurement results
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Plate number 1 [ 2 | 3 | 4 | 5 6 7 | 8 9

pel, & cm 0.3 1.0
Nep-10'6, cm -3 16.6 14.2 11.4 9.0 6.77 11.4 9.0 6.77 4.6
@KE, V 0.851 0.842 0.833 0.819 0.804 0.833 0.819 0.804 0.784
NBa) 106, cm —3
caleulated by (4) 4.1 3.9 3.49 3.32 3.08 1.83 1.6 1.49 1.32
NBa@) 106, cm —3
caleulated by (5) 4.19 3.93 3.59 3.27 2.93 1.82 1.66 1.46 1.25
A, % + 2.2 + 0.8 +2.9 —-1.5 —-5.1 + 0.5 +1.2 -2.0 —5.6
Table 2 — The results of the calculations

Plate number 1 | 2 | 3 4 | 5 6 7 | 8 9
Pel, & cm 0.3 1.0
Ncp-1015, cm -3 18 18 18 18 18 5.6 5.6 5.6 5.6
Xjc, pm 1.76 1.76 1.76 1.76 1.76 2.0 2.0 2.0 2.0
XjE, pm 1.17 1.22 1.29 1.36 1.44 1.29 1.36 1.44 1.55
Wa, um 0.59 0.54 0.47 0.4 0.32 0.71 0.64 0.56 0.45
Parameters of the transistor in direct connection
Bn, p.u. 260 350 520 790 1300 480 720 1150 2200
Ucro, V 8.5 7.9 7.1 6.4 3.2 12.5 11.4 8.2 3.6
Inverted transistor parameters
B, p.u. 68 88 136 220 390 45 65 95 180
Uceow, V 6.9 6.6 5.4 3.4 1.7 6.5 4.4 2.9 1.35
Usw, V 10.5 8.2 5.3 3.4 1.7 6.5 4.4 2.9 1.35

If the values of Ugcoq) and Ugqg coincide, the break-
down of the transistor is determined by the puncture
effect of the base, and if Urcoq > Ukw), then the break-
down of the transistor occurs by an avalanche mecha-
nism.

Using well-known regimes for the formation of base
regions and measurements of the depth of p-n junc-
tions, the impurity concentrations at emitter-base p-n
junctions were calculated, and the contact potential
difference was determined from the calculated concen-
tration. The calculation data are shown in Table 2.

The average calculated concentration in the base of
the drift transistor during inverse switching was de-
termined based on the transformation of expression (1),

2-¢-¢, '(Upzu) + Prqry)
e-W

NB.a.(I) = (4)

Based on the data shown in Table 1 and Table 2, an
expression is determined for calculating the average
concentration in the drift of base n-p-n bipolar transis-
tor with inverse switching on:

In(Nypg - Neg)

NB.a.(I) = exp )
ln(NEB]
2+ Nes
N
3-|InN,, +4,5- |- B
L ( " 'NCBJ_
3 In(Ny-Np) _ In(Ny)* B 2-In(Ny) B
Ng,;=exp ) N, =exp ln(l) = exp 5 0 =Ny (6)
n| —£ 9 N
9 Ny 3-(InNy +4,5) 3,3-InNy+4,5
3~[1nNB+4,5- NBJ
Ny
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where N is the calculated average concentration of
impurities in the base when the drift n-p-n transistor is
inverted.

A comparison of the average calculated impurity
concentrations in the database calculated by expression
(4) and expression (5) shows that the deviation of the
calculation results mainly lies within the measurement
error (= 5 %). A slight excess of the error is observed for
a small base thickness, which is explained by the influ-
ence of the SCR of the inverse emitter, the width of
which becomes comparable with the base thickness.

With a uniform distribution of impurities in the
base, i.e. when Ngp= Ncs= Np according to expression
(5), it should be obtained: Np.a.q) = NB (6). The calcula-
tions shown confirm the adequacy of expression (5).

4. CONCLUSIONS

1. The calculated average concentrations of impuri-
ties in the base of drift transistors make it possible to
use them to create a simple method for the on-line
calculation of base puncture stresses, both in direct and
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OnepaTuBHuii pO3PaxXyHOK HANIPYTU IIPOKOJIy 0asu ApeidOBUX n-p-n TPAaH3UCTOPIB

B iHBEepCHOMY pe:kuMi podoTu

A.H. ®posos, A.H. Oiminmyx, B.A. Hagrouiit, A.B. Hagroumit

Haujionanvruii ynisepcumem rkopabnebydysarus imeni Aomipana Maxaposa, Xepconcvka ¢hinia, np. Ywarosa, 44,

73022 Xepcon, YVkpaina

VY craTTi po3ryIsSiHyTI IUTAHHS OMEPATUBHOIO PO3PAXyHKY HAIPYLH MPOGO IPeH(OBUX N-p-N TPAHIUC-
TOPIB B IHBEPCHOMY PesKMMI pOOOTH IIPU PO3PAXyHKY IIapaMeTpiB IX CTPYKTYPH MO 3aJaHHUX EJIEKTPUUHUX
mapaMerpax 1 XapakTepucTHKax. [lpu omepaTMBHOMY pPO3PaxXyHKY IIapaMeTpiB CTPYKTYPH OIIIOJISIPHOIO
IIpeiihoBOro TPAH3MUCTOPA BU3HAYAIOTHCS KOHIIEHTPAIll Ha p-n Iepexomax KoJekrop-6asa (Ncp) 1 emitep-
6asa (IVgp) 110 3a7aHiil HAPy3l JaBUHHOTO Tpobon. O0MesxeHHA Ha MiHIMAIbHY TOBIMHY 0a3u (W min) BU-
3HAYAETHCA II0 3a/IaHIN BeJIMYNHI HAIIPYTH IIPOKOJLy 0a3M TPAH3UCTOPA 1 3a IeAKOI0 PO3PAXyHKOBOIO KOHIIE-
HTPAITIEI0 JOMIIIKHM Mk KoHIeHTpamiamu Nep 1 Nep. PospaxyHkoBl KoHIIeHTpAITll JoMimkn B 6a3i mpeiido-
BOTO TPAH3UCTOPA B IPSIMOMY 1 IHBEPCHOMY pPeKMMAax PoOOTH 3HAYHO BIIPI3HSIOTHCS. TEXHOJIOTIYHUH eKc-
IepUMEHT IIPOBOJUBCS HA KPEMHIEBHX IIACTHHAX 3 JBOMA PISHUMH KOHIIEHTPAINIAMHY JOMIIIKKA B €IITaK-
CIHUX CTPYKTypax 1 3 Pi3HOI0 TOBINWHOI 0a3y, Ha 10 BKA3yBaJIX Pi3HI 3HAYEHHS KOe(IIlleHTIB ITOCUIEHHS
II0 CTPYMY fAK B IIPSIMOMY, TaK 1 B IHBepCHOMY BKJIIOUeHHI. Besmunan koHenTpaiiit Neg 1 Nep BUsHAYAINCS
PO3PaXyHKOBUM IILIAXOM 34 BIIOMHM peskuMoM audy3ii 6opy mis dopMyBaHHS obsacTeil 6a3u TPAH3HUCTO-
pa. ['nmubuan p-n mepexoniB BU3HAYAINCA METOIOM KyJb-luTida. Emexrpuuni mapamerpn TpaH3UCTOPIB B
IpPAMOMY 1 IHBEPCHOMY BMHUKAHHI BUMIPIOBAJINCI HA BUMIPHHUKY IIapaMeTPiB HAINBIPOBITHUKOBUX IIPHJIA-
nmis JI2-56. Ha ocHOBI eKciepuMEHTAIBHUX JAHUX PO3PAXyHKOBA KOHIIEHTPALS JOMIIIKHA B 0aal apeiidoBo-
T0 TPAH3UCTOPA BU3HAYAETHCS 3a 3HaueHHsaMu Ncp 1 Npp. OTpuMaHuil BUpa3 po3paxyHKy TAKOXK MOxke OyTu
BUKOPHCTAHO JIJISI PO3PAXYHKY HAIPYKEeHb IIPOKOJY 0a3u IpeiidOBUX n-p-n TPAH3UCTOPIB B IHBEPCHOMY pe-
JKMMI1 poOOTH, HATIPYTH IIPOKOJIy 6a3M IepeMUKAUYNX TPAH3UCTOPIB B esemenTax M2JI, a Tako:x asst pospa-
XYHKY 00J1aCTi 3BOPOTHOTO I'pa/IieHTa HAIPI3bKUX BaplKAaIIiB.

Kunrouogi ciosa: [peiicosuit rpansucrop, [HBepcHwmit pesknm, Hanpyra npokosty 6asu.
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