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The Convergence Characteristic of the Forward I-V Characteristic Curves
of a Semiconductor Silicon Barrier at Different Temperatures”
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Abstract: The [-V-(T) characteristic curves of p-n junctions with the forward voltage as the independent variable, the
logarithm of forward current as the dependent variable,and the junction temperature as the parameter,almost converge at
one point in the first quadrant. The voltage corresponding with the convergence point nearly equals the bandgap of the
semiconductor material. This convergence point can be used to obtain the I-V characteristic curve at any temperature.
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1 Introduction

In output characteristics of common-emitter con-
figurations, the collector current I. of the transistor
increases as the collector-emitter voltage Vg increa-
ses. Extrapolated output curves corresponding to dif-
ferent base currents almost meet at one point on the
axis of Vg, and the corresponding voltage V, is
called early voltage'''. This phenomenon is called the
early effect. In addition to the convergent point of the
early effect, there is another convergent point about
the performance of the transistor. The forward volt-
age of a p-n junction with constant current is a tem-
perature sensitive parameter and has been used in the
thermal resistance standards IEC 747 and IEC60747-
7.1 The V-T-(I) characteristics of a p-n junction
with the junction temperature as the independent var-
iable,the forward voltage as the dependent variable,
and the forward current as the parameter have been
the emphasis of research. "

A new analysis method™® for infrared thermo-
gram of transistors has been invented and important
progress™®’ on the V-T-(I) characteristics of a p-n
junction has been reached with this method. The ex-
cessive thermotaxis effect of low current can be used
to study the uniformity of the junction temperature
distribution. The relationship between the forward
voltage and the temperature with a constant current
when the temperature ranges from 0 to 150C is near-
ly a beeline. One beeline corresponds to one current,
and,extending the beelines corresponding to different
currents, these beelines will almost converge at a point
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whose temperature is near absolute zero. The coordi-
nate of the convergent point ranges because of differ-
ences in the semiconductor material.

This convergence characteristic was used to
measure the junction temperature of a transistor on
special equipment. Similar to this convergence charac-
teristic,we found a new convergence characteristic of
a p-n junction. The curve with the forward voltage as
the abscissa, and the logarithm of the corresponding
current as the ordinate at the same temperature is
nearly a beeline if the series-wound resistance is ig-
nored. If we extend the beelines for different temper-
atures,these beelines will almost converge at a point
in the first quadrant.

2 Experimental results

A STS 2103B discrete semiconductor device test
system (Beijing Huafeng Test & Control Technology
Co.,.Ltd) was used for measurements. To connect the
base and the emitter of a transistor to the apparatus,
low current flows from the base to the emitter, and
then measures the base-emitter voltage Vs . The value
of the current can be set by the computer. We put the
transistor in a constant temperature oven and set the
temperature. Different values of Vy: corresponding to
different Ipz are measured after the temperature sta-
bilized. The current values of 1,2,5,10 and 20mA
were taken,and measurements were performed every
30C from 25 to 145C. The data we obtained was
called the base data.

Figure 1 shows the characteristic curves measured
with the voltage as the abscissa and the common log-
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Fig.1
different transistors (The temperatures corresponding to the five
lines in figure(a) are 145, 115, 85, 55, and 25C from left to
right in order.) (a) 3DD15; (b) 3DD102; (¢) 2SD850

Convergence characteristic of I-V characteristic curves of

arithm of the current as the ordinate and junction
temperature as the parameter. If we extend the five
curves corresponding to the values of the tempera-
ture, these curves almost converge at a point in the
first quadrant. The points of intersection correspond-
ing to the different curves do not overlap well,but are
dispersed. Because the difference of the abscissa of
every two convergent points is relatively small, we can
consider that they converge at one point,and the av-
erage of the abscissa of all convergent points is the
abscissa of the holistic convergent point.

The types of the three transistors measured are
3DD15, 3DD102, and 2SD850, respectively. 3DD15
and 3DD102 are widely used low-frequency and high-
power transistors made in China. They are commonly
used in TV, audio, and UPS as power supply adjust
transistors, switch transistors,and power output tran-
sistors. 2SD850 is a high-negative-voltage and high-
power switch transistor. It is mainly used in color TVs
and computer displays as a switch power supply tran-
sistor and row output transistor. The package types of
the three types of transistors used in this experiment

are all F-2. Dealing with their base data with the
method mentioned above. Fig.1 is obtained. Fig. 1
shows that the voltage is nearly 1272mV correspond-
ing to the convergent point for 3DD15, the voltage is
nearly 1260mV corresponding to the convergent point
for 3DD102,and the voltage is nearly 1300mV corre-
sponding to the convergent point for 2SD850.

3 Theoretical analysis

For an ideal p-n junction, the relationship be-
tween its forward current I and its forward voltage
Ve is

Iy = Is<exp<gl‘</;,>—1> (D

where ¢ is the electron charge, k is Boltzmann’s con-
stant, T is the temperature of the p-n junction, n is
the injection ratio,and I is the reverse saturated cur-
rent,which is a function of the bandgap of the semi-
conductor material and the temperature and its ap-
proximate expression is
|4 0

I, = BTVexp<— f{tk—gﬂ (2)
where B is the structure factor of the device,which is
a constant for the device. Gamma is a constant and is
larger than 2. 5.In the range of OK<X T<C423K, V=

2 qVF
10 mV,exp(nkT>>>1,so
_ qVr _ ~ qVr
I = IS<eXp<nkT) 1): ISeXp(nkT) (3
Substituting Eq. (2) into Eq. (3) gives
= Brrexn( 4V~ V)
I+ = BT exp( o ) 4
Calculating the logarithm of Eq. (4) and we ob-
tain
— y q( VF - Vgo)
Inl; InB + InT” + KT (5)

Then, the two equations corresponding to tem-
peratures T, and T, ,respectively,are

q(VF - Vgo)

Inly = InB + InT7 + T 6)
Inlz = InB + InT3 + qVe = Vi) (7
nkT,

The solution for Vi and Inlr can be obtained
from Eqs. (6) and (7) and is given by

nkT, T,y T,
= + — —
V= Vet gt Tl)ln(Tl) (8)
TzlnTz - T]lnTl

Inl; = InB + y 9

T, - T,

Thus, the coordinate of the point of intersection
is (Vi,Inlg),and the abscissa Vi relates to T, T,
n,and y,and the ordinate In I relatesto T,,7,,B,
and y. If T, =25C =298. 15K, T, =145C =418. 15K,
k=1.38%X10"*,n=1.1,y=4,the solution obtained
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Fig.2 Convergence characteristic of I-V characteristic curves
of the Schottky diode The temperatures corresponding to the
five lines in Fig. 2 are 65,55,45,35,and 25°C from left to right.

from Eq. (8) is: Vi =V, +133mV. When T, and T,
are nearly the same,Equations. (8) and (9) can be re-
duced to

nkT] Y

Ve = Vg + (10)

Inly = InB+ y+yInT, (11D
From Eq. (10), V¢ increases as T, increases. When T,
=25C =298.15K, Vi = V, + 113mV; when T, =
145C =418. 15K, Vi = V, + 158mV. From this result,
we find that Vi equals the summation of the value of
the bandgap V, and nkT,y/q.and the latter in pro-
portion to Vi is very small.

From the manual, we obtained the breakdown
voltages of the three transistors, which differ from
each other. The breakdown voltage of 3DD15 is high-
er than that of 3DD102Z2, but lower than that of
2S8D850. The differences in the breakdown voltages
mean a difference in the doping concentration in the
base,and when the breakdown voltage is lower, the
doping concentration is higher. So the bandgap of
3DD15 is higher than that of 3DD102,but lower than
that of 2SD850. According to the result of the theo-
retical analysis and Fig. 1, the bandgap of 3DDI15 is
1140mV.

We performed similar measurements for a Schot-
tky diode. The values for current of 1.25,2.5,5.0,
10.0,12.5,and 25. 0OmA were selected. Measurements
were taken every 10C from 25 to 65°C ,and the base
data of this Schottky diode was obtained. The charac-
teristic curves with the voltage as the abscissa, the
common logarithm of the current as the ordinate,and
the junction temperature as the parameter are shown
in Fig. 2. If we extend the five lines in Fig. 2 corre-
sponding to the five temperatures, these lines will al-
most converge at a point in the first quadrant. Fig. 2
shows that the voltage is 860mV ,corresponding to the
convergent point. The value of the voltage is close to
the Schottky barrier height of silicon, which is about
800mV,and the difference can be considered as the

value of nkT,y/q. The value of nkT,y/q in propor-
tion to the forward voltage Vi corresponding to the
convergent point is very small, which is similar to the
case of the p-n junction. The result of the Schottky di-
ode proves the physical meaning of the convergent
point again.

4 Application

The convergent point of the I-V characteristic
curves in the first quadrant can be used to obtain base
data at any temperature. The type of the transistor
that we used is 3DD15. Measuring the base data every
15C from 25 to 130C, the curve corresponding to a
temperature is a beeline approximately with the volt-
age as the abscissa and the common logarithm of the
current as the ordinate. If we extend the eight bee-
lines corresponding to the eight temperatures, these
beelines will almost converge at a point in the first
quadrant. The figure demonstrates that the abscissa is
1273mV and the ordinate is 12. 45, corresponding to
the convergent point. Regarding the temperature as
the independent variable and the slope of each becline
with corresponding temperature as the dependent var-
iable,a group of regression coefficients is obtained.
The relation between the slope and the temperature
can be expressed with the group of regression coeffi-
cients shown in Eq. (12)

n = —4.026978 X 107" X T* + 2.131939 X 107" X T*

—6.523500 X 107° X T + 0.018013 (12)
where n is the slope, T is the temperature. The slope
of the beeline corresponding to 145°C can be obtained
from Eq. (12). In this way, we not only know the
slope of the beeline., but also know that this beeline
passes the convergent point,so the I-V characteristic
curve corresponding to 145C can be drawn. The for-
ward voltage corresponding to the different forward
currents can be calculated with the slope and the co-
ordinate of the convergent point,which can be seen in
Eq. (13).

Ve = 1273 = (12.45 = In Ie)/n, (13)

In Eq. (13), the units of Vi and I are mV and
mA, respectively, and n, represents the slope of the
beeline corresponding to 145C . In Table 1,the calcu-
lated value is the forward voltage calculated with the
slope and the coordinate of the convergent point,and
the measured value is the forward voltage measured at
145C . The table indicates that the largest error of the
calculated values is only 1. 325mV. It is feasible to cal-
culate the base data with this method.

We have delivered papers to demonstrate an er-
ror in the principle figure and the waveform figure of
the thermal resistance standard IEC747-7, which de-
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Table 1 Contrast of the measured value and the calculated val- 14
ue of the forward voltage corresponding to the different for- T_,‘Z)>Tf”AV]{]2;> "

ward current

Forward voltage Forward voltage

Forward current i i Error
(measuring value) (calculating value)
/mA /mV
/mV /mV

1 220.0 218.675 1.325

2 245.0 244.168 0.832

5 278.0 277.867 0.133

10 304.0 303.360 0.640

20 330.0 328.853 1.147

scribes the relation between the I-V curves and the

[0 Tn fact,we can demonstrate this error

temperature
more simply with the convergence characteristic in
this paper. The
IEC747-7 is widely accepted and has been used until
now. Fig. 3 shows the corresponding Figs. 23 and 24 in
IEC 747-7.Fig. 3(a) has two I-V curves, which are I-

V curves of the emitter current ([;) and emitter-base

thermal resistance standard in

voltage (Vi) at the junction temperatures 7" and
T ,T{" >T{”. AV is defined as the horizontal
distance between the two curves. Fig. 3(b) in IEC747-
7 is the waveform of the heating current, measuring
current, and emitter voltage for measuring the ther-
mal resistance corresponding to Fig. 3(a). In Fig. 3,
V., and V, is the emitter-base voltages when the emit-
ter current is I, and the junction temperatures are
T{"and T{” ,respectively. V, and V; is the emitter-
base voltages with the emitter current being Iy + Iy

Tlli >Tu)
Al j (1)
1,4 T

Lt

AV,

Vs
v, - S
v, ) IAV&:
Vo—
1 1

P I

(b)

Fig.3 Transistor I-V character curves and the waveform fig-
ure for measuring the thermal resistance in IEC standard (a)

Fig. 23 in IEC747-7; (b) Fig. 24 in IEC747-7

N

AV]i])

(b)

Fig.4 Transistor I-V character curves and the waveform fig-
ure for measuring the thermal resistance after our correction
(a)Fig. 23 in IEC747-7; (b) Fig. 24 in IEC747-7

and the junction temperatures being T{"”and T;* ,re-
spectively. AVEY =V, — V,, AV =V, — V,. The
shape and position of the two curves in Fig. 3(a) in
IEC747-7 show that AV is larger than AV

lar to Fig. 3(a),the waveform of Fig. 3(b) also shows
the same result. That AV increases with the current

. Simi-

implies that the trend of the two curves’ space is
spread. However, this falls short of the theory and ex-
perimental findings that In/g- Ve curves converge at
one point in the first quadrant. The corresponding fig-
ures to support our correction are shown in Fig. 4.

5 Conclusions

(1) The I-V characteristic curves of p-n junction
with the voltage as the independent variable,the log-
arithm of the current as the dependent variable, and
the temperature as the parameter,almost converge at
a point in the first quadrant.

(2) The physical meaning of the coordinates of
the convergent point is that the forward voltage Vi
corresponding to the convergent point equals the sum-
mation of the value of the bandgap V and nkT,y/q.,
which varies with the temperature. The nkT,y/q is
far less than V.

(3) Though the points of intersection corre-
sponding to the different curves do not overlap com-
pletely,because the difference of the abscissa of every
two convergent points is relatively small, we can con-
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sider that they converge at one point. The average of
the abscissa of all convergent points is the abscissa of
the holistic convergent point. There are differences in
the bandgaps of semiconductor materials in different
transistors,so there are differences in the abscissas of
the convergent points.

(4) The convergent point of the I-V characteris-
tic curves in the first quadrant can be used to calculate
the I-V characteristic curve at a given temperature.
The error is very small for calculation of concrete in-
stances, which proves that calculating the base data
with this method is feasible.

We would like to express our sin-
cere appreciation to Professor Z. H. Zhu, at the
School of Engineering and Applied Science, Universi-
ty of California,Los Angeles,for discussing the paper
with us and for giving us very helpful comments.
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