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CMT—Conductivity-Modulated Transistor

Bogdan M. Wilamowski, Senior Member, IEEE, and Thad J. Englert, Member, IEEE

Abstract—The characteristics of a conductivity-modulated
transistor, which is able to control ac current are presented.
Measured characteristics of a fabricated device are shown and
compared with calculated characteristics. Calculations are
based on a physical, one-dimensional analytical model which
has been, in part, derived from numerical analysis of the de-
vice. The proposed model gives relatively good qualitative
agreement between calculated and measured characteristics.
Potential applications of the device are discussed.

I. INTRODUCTION

HE UNIJUNCTION transistor is a well-known de-

vice which uses the effect of conductivitv modulation
for its operation [1]-[3]. This device bears the name
“‘transistor’’ probably because it is a three-terminal de-
vice; however, it has limited application since it exhibits
mainly negative resistance. It does not have current or
voltage gain, cannot be used as an amplifier. and is used
mainly as a latch where the advantage of the negative in-
put resistance can be taken. Recently, the Unijunction
Transistor lost importance because in most applications it
can be substituted by an integrated circuit which consists
of two bipolar transistors and one or two resistors [5].
This integrated circuit. commonly known as Program-
mable Unijunction Transistor. is less expensive and has
much better parameters than the original Unijunction
Transistor, these parameters being modifiable by external
Tesistors.

The proposed CMT is also a single p-n junction device
but operates as a transistor with current and voltage gains
and, what is more important, can be used for controlling
ac currents of both polarizations without the necessity of
adding dc biasing as in all other transistor amplifiers. In
the case of n-tvpe bases and p-type emitter (refer to Fig.
1), if base B, is grounded. the controlling current injected
through the emitter controls even large current flowing
between bases B- and B,. no matter whether B, has posi-
tive or negative biasing.

The negative resistance seen from the emitter, which is
the main advantage ot the unijunction transistor in this
case. is considered as a parasitic effect and is eliminated
by proper device construction. In this paper we present
experiment, numerical analysis, and an analytical modet
which describes the qualitative behavior of the CMT.
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Fig. 1. Cross section of the Conductivity Modulated Transistor.
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Fig. 2. Shapes of the potential distributions along the device tor positive
and negative polarization of base B,. Note potential barriers controlling
device current in region 1 for positive voltage on B, and region 2 for neg-
ative voltage on B,.

II. Device DESCRIPTION AND OPERATING PRINCIPLE

The device cross section is shown in Fig. 1 and poten-
tial distributions for positive and negative biasing can be
seen in Fig. 2. Holes injected into the n~ region will be
swept toward the lowest potential by the electrical field
within the device. With positive biasing on B, hole ac-
cumulation will occur near B, while with negative biasing
on B, hole accumulation will occur near B,. In either bias-
ing configuration holes are trapped by the potential well
and the number of accumulated holes in the vicinity of the
potential barrier wiil depend upon the local recombination
rate. The voltage drop across a region of hole accumula-
tion is quite small due to the effect of conductivity mod-
ulation. In this manner, the device operation is relatively
independent of the electric polarity between B, and B-.

The device structure shown in Fig. 1 was fabricated.
Lightly doped n-type silicon, with (111) orientation and
very high resistivity (600 € - cm), was used as the sub-
strate. The n* bases were formed by a phosphor diffused
layer with 5-Q sheet resistance and 2.2-um depth. The
emitter was formed by a boron diffusion layer with a sheet
resistance of approximately 100 Q. Electrical contact was
provided by an aluminum layer evaporated in an electron-
beam system and annealed at 420°C in forming gas (15%
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Fig. 3. Topology of the fabricated CMT structure (metallization layer is
not shown).
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Fig. 4. Measured current-voltage characteristics between bases B, and B,
with the emitter current /. as parameter varied from 0 to 2 mA in incre-
ments of 0.2 mA.

H,) for 30 min. A top view of the structure layout without
metallization is shown in Fig. 3.

The measured device characteristics are shown in Fig.
4. It is worthwhile to notice that current gain is larger than
I (approximately 4). The device has the unique charac-
teristics of allowing tor proper operation for both polari-
ties of B,-B- base voltages while the controlling emitter
current direction remains unchanged. Also it should be
noted that in the vicinity of zero biasing, the device has
extremely linear characteristics. In fact, it behaves as a
variable resistor controlled by current injected by the
emitter.

III. NUMERICAL ANALYSIS

In order to fully understand the device operation, nu-
merical analyses were performed. Despite the fact that the
device was approximated by a one-dimensional structure,
the numerical algorithm dealt with all five important dit-
ferential equations for semiconductor theory: Poisson’s
equation, two transport equations. and two continuity
equations. The Schockley-Read-Hall (SRH) recombina-
tion mechanism model was used in computations.

The solution obtained by the algorithm is quite general.
In order to otain a true picture of the physical phenomena
no frequently used assumptions such as charge neutrality
or dominance of one type of carrier, were taken. A de-
tailed description of the numerical algorithm is given in
[6] and will not be repeated here. Only boundary condi-
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tions and a one-dimensional approximation of the three-
dimensional case will be discussed in detail. It would have
been relatively easy to incorporate some secondary effects
such as mobility dependence on impurity concentration or
on the electrical field, but these were neglected on pur-
pose to eliminate extra ‘‘noise.’”’

Because dimensions were artificially reduced from the
real three-dimensional structure to the one-dimensional
analysis, quantitative agreement may not be expected;
however, more important at this stage is quality infor-
mation. Since quantitative information was not vital, con-
stant values of mobility were assumed. Errors generated
by this assumption are not very significant since the elec-
trical field does not reach excessive values.

The following simplifying assumptions were taken in
order to reduce dimensions from three to one:

1) The current due to injected holes (emitter current) is
taken to be the recombination current, J; = gRAx, as-
suming all injected holes recombine. This approach ne-
glects another component of emitter current, namely, the
current of injected electrons from the n~ region to the
emitter. Such injected electron current will be negligibly
small compared to the hole current.

2) Hole concentration was computed in such a way as
to meet the following two conditions:

a) The total recombination current was equal to /¢, and
was proportional to the total number of accumulated
holes in the vicinity of a potential barrier.

b) With the existing potential distribution the hole cur-
rent along the device was assumed to be zero. This
condition gives the distribution of the accumulated
holes.

Although the algorithm used was fast and efficient. the
foregoing requirements created some calculational prob-
lems. These problems are attributed to the calculation of
hole distributions by using the potential distribution cou-
pled with the requirement that the number of accumulated
holes be consistent with the recombination current
(emitter current). Of course, the computed hole distribu-
tion affects the potential distribution therefore requiring
many iterations in order to achieve convergency. With the
above requirements, the computing time was aimost two
orders of magnitude longer than in the case when no hole
injection was assumed.

The first case investigated was for no hole injection.
Base B, was grounded and the voltage on base B, was
allowed to range from —10to +10 V. Fig. 5 shows the
electron concentration distribution. Figs. 6 and 7 show
the potential distribution across the device. Fig. 7 is a
scaled-up version of Fig. 6 in order that the potential bar-
rier shape, as a function of voltage. can be clearly seen.
One can observe that current in the device is controlled
by two potential barriers which are dependent on the bias-
ing voltages between bases B, and B.. For positive volt-
age on B,, the barrier near base B, becomes important.

for negative voltages on B,, the barrier near B, controls
the current flow.
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Fig. 5. Results of numerical simulation of the CMT showing the calcu-
lated electron distributions along the device for voltages on B, varying from
0 to 10 V and no hole injection. Note Gaussian distributions of n* bases
B, and B, which penetrate toward the n~ region approximately 2 um on
each side.
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Fig. 6. Results of numerical simulation of the CMT showing the calcu-
lated potential distributions along the device for voltages on B, varying
from 0 to 10 V in 1-V increments and no hole injection.
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Fig. 7. Scaled up version of Fig. 6 showing potential barrier shapes with
no hole injection.
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Fig. 8. Results of numerical simulation along the CMT showing the cai-
culated potential distributions along the device for voltages on B, varying
from O to 10 V in 1-V increments and with a hole injection current /¢ =
10 A/cm.
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Fig. 9. Scaled up version of Fig. 8 showing potential barrier shapes in the
presence of hole injection.

Figs. 8 and 9 show the potential distributions for the
case when holes are injected into the n~ region. It can be
seen that there is a very significant variation in the poten-
tial distribution, especially in barrier width, in compari-
son with Figs. 6 and 7. Fig. 10 shows the electron distri-
butions. for voltages between bases varying from —10 to
+10 V, in the presence of hole injection. Note that for
positive and negative biasing voltages electron distribu-
tions are symmetrical about some point along the distance
axis. The same kind of symmetry can also be observed in
the electrical field, charge, hole concentration, and re-
combination rate distributions. Therefore, to obtain a clear
picture the following results of numerical computation will
be shown only for the case of positive biasing between
bases B, and B,. Figs. 11-13 show the hole, electron. and
charge distributions, respectively. It is of interest to ob-
serve that in the vicinity of the barrier, the charge neu-
trality condition is valid. This is to be expected since the
charge of injected holes is compensated for by a charge
of mobile electrons.
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Fig. 10. Results of numerical simulation of the CMT showing the electron
distribution in the presence of hole injection /x = 10 A/cm for voltages
on B, varying from ~10 to 10 V in 1-V increments. Note the symmetry
about the 12-um position.
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Fig. 11. Hole distribution calculated from numerical simulation of the
CMT for voltage on B, varving from 0 to 10 V in 1-V increments with hole
injection current /r = 10 A cm. Note linearity in region A4 and zero con-
centration in region B.
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Fig. 12. Electron distribution calculated from numerical simuiation of the
CMT for voitage on B, varying from 0 to 10 V in 1-V increments with hole
injection current /r = 10 A/cm. Note linearity in region A as well as the
same magnitude as holes in region A.
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Fig. 13. Charge distributions calculated from numerical simulations if the
CMT with the same conditions as in Figs. 11 and 12. Charge neutrality is
clearly shown in region 4.
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Fig. 14. Simulation results for the CMT showing potential distribution with

the emitter current varying from 0 to 10 A /cm in -A ; cm increments with
fixed 10 V at B..

In order to observe the effect of hole injection on the
device phenomena another set of potential. hole. and
electron distributions is shown in Figs. 14-16. In this case
the voltage between B, and B, is kept constant (Vs = 10
V) and the number of injected holes is varied.

IV. ANALYTICAL APPROACH

A general analytical analysis of the conductivity-mod-
ulated transistor is very difficult. Let us, therefore, con-
sider two simple cases: one for very large voltages ap-
plied between bases and the other for very small voltages
applied between bases.

A. Case 1—Large Voltages Applied Berween Bases

Analyzing the results of the numerical simulation (see
Figs. 8,9, 11-13) the following may be concluded:

1) The lightly doped n~ region can be divided into two
regions, region A close to the base with a lower potential
where the electrical field is negligibly small. and region
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Fig. 15. Simulation results for the CMT showing hole distribution with
the emitter current varying from 0 to 10 A/cmin I-A /cm increments with
fixed 10 V at Bs.
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Fig. 16. Simulation results for the CMT showing electron distnibution with
the emitter current varying from 0 to 10 A /cmin 1-A/cm increments with
fixed 10 V at B,.

B close to the base with a higher potential where almost
all the voltage drop occurs (see Figs. 8 and 9.

2) In region A the total charge is negligibly small and
the charge neutrality condition is satisfied (see Fig. 13)
yielding

n=p+ Np=p + ng (hH

Here ny = Np is the electron background concentration in
the n~ region. Since in the n~ region Np = const. or neg-
ligibly small based on (1), one can also write

dn = éfl 2)
de  dx

3) Carrier distributions are nearly linear in region A
(see Figs. 11. 12).

4) In region B the hole concentration is negligibly small
and electrons are the only carriers to be considered. In this
region drift is the dominant transport mechanism.

Considering region A and assuming that hole current is
negligibly small using the Einstein relation D, = Vrp,

(where V; = kT/q) we may write

_ _Vrdp  dy\ _
Jp—qupp< > o dx)—o (3)
or
ay _ _Vrdp @)
dx p dx’

With the electrical field as above the electron current is
given by

dn ndp dp

J, = gD, + nV——= n -

Note that in region A electron and hole concentrations

are much larger than the impurity concentration (see Figs.

11, 12) and there the electron and hole concentrations are

nearly equal n = p. Because of the linear electron and

hole distributions in region A (see Figs. 11, 12) one can
also write (5) in a form

2qD (5)

J, = —2gD, Pmax (6)
Wy
where pnay is the peak hole concentration in region A4 and
w, is the length of region 4.
In region B drift is the dominant mechanism and current
can be expressed by

J i Vs (7)
= —_— , et ——
n qpnnp qinNp W

where Vj is the voltage drop on region B (Since the volt-
age drop on region A is negligibly small the voltage on
region B is equal to the entire voltage applied between
device bases.) and wg is the length of region B.

Using (6) and (7) the total length of the device wy can
be written as

qbn

n

wr = w, + wp = — QViPmax + npVes). (8

Device current can then be expressed as

Pmax V.

BB
- g — . 9
wr Wr

Jn = —2an

Note that pp,« represents the amount of injected holes
and ppay is somewhat proportional to the emitter current
g

B. Case 2—Small Voltages Applied Between Bases

In the case of small applied voltages region B disap-
pears and in region A using (2), (4). and (5), one can write

dy V
Jn = —qun 7 (2p + ng) = — ‘1#;1(2Puvg + np) 2
dx wr
(10)
where the average hole concentration is given by
_ Pmax
pavg - 2 . (l 1)
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Combining (10) and (11) the device current for small
voltages can be expressed by

P
n= —qpy (pmax + nB)- (12)
wr

V. TRANSISTOR MODEL

Equations (9) and (12), for small and large voltages ap-
plied between bases, can be matched together by the gen-
eral equation

J, = __ Q#nPmax Vs |:1 - exp <_%>} _ q#nnBVBB.
wr Ve wr

(13)

For small voltages Vg << 2V the above equation sim-
plifies to (12) and for large voltages Vgp >> 2V, (13)
simplifies to (9). The boundary value of 2V was obtained
with an assumption that the hole current is zero. This is
not exactly true because holes are at the same time flow-
ing and recombining along the device. The value 2V; is
not accurate and in a real device this boundary voltage
can be expected to be much larger.

If it is assumed that the maximum injected hole con-
centration pp,, is proportional to the emitter current I,
then based on (13) the transistor characteristics can be de-
scribed by

v, %
Ips = Blg {1 — exp <~ ﬂ)} + -2

14
v, R (14)

where Ry is the ohmic resistance between bases without
hole injection, V, is the boundary voltage, and 3 is the
current gain coeflicient.

The last two parameters could be different for positive
or negative biasing. Fig. 17 shows measured device char-
acteristics (solid line) and characteristics obtained using
the transistor model given by (12) (dotted line) with the
following parameters: Ry = 4.1 kQ: 3 =4.0: V, = 4.8
V. Since a very simple model with three parameters was
used, excellent agreement cannot be expected. For ex-
ample, by inspecting Figs. 13 and 14 one may see that
the space charge affects the current flow in the B region
and therefore the phenomenon is not purely ohmic. The
slight disagreement between measured and predicted cur-
rent in the device is shown in Fig. 17 and may be attrib-
uted to the space-charge effects discussed above. This ef-
fect has not been incorporated into the simple device
model presented herein. In the future a more accurate de-
vice model should be worked out.

For practical purposes transistor characteristics for both
polarizations can be approximated by

Vas Vs
Iys = BIz tanh + —.
BB Bl ta <V> Ry

0

(15)

This equation gives symmetrical characteristics for both
polarities which is generally not true in a real device be-
cause in the case of negative polarization of base B, with
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Fig. 17. Measured (solid curves) and calculated (dashed curves) CMT
characteristics with calculations based on (20).
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Fig. 18. An equivaient electrical circuit of the Conductivity Modulated
Transistor.

respect to B, injected holes have a longer path to travel to
reach the vicinity of the potential barrier. This longer path
allows for recombination and the current gain 3 for this
polarization is slightly lower.

An equivalent electrical circuit for the CMT is shown
in Fig. 18. The sum of R, and R, represents Ry, the output
resistance of this deviece. For positive polarization of B,
higher input voltage is required to obtain the same input
current. In the case of negative polarization, positive
feedback can be observed which, in some cases with large
R\, may lead to negative input resistance and as a conse-
quence to unstable operation. In order to minimize this
undesired effect very careful device design should be car-
ried out. The extra n-type region shorted to B, as shown
in Fig. 1, is crucial for the design in order to obtain small
R, and stable device operation. The design goal is to have
Ry = 0and R, = Ry,.

VI. APPLICATION

The conductivity-modulated transistors have very
unique characteristics and can be used directly to control
an ac circuit as shown in Fig. 19(a). The controlling cir-
cuit is a dc circuit with a current source. In the load circuit
both dc and ac operations are possible, because the CMT
transistor current between bases B, and B, is controlled
by an emitter current, no matter in which direction the
current flows, and is independent of the polarization volt-
age between B and B,.

It can be used in many ac-controlled circuits when large
current distortion is not allowed (as in TRIAC or SCR
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Fig. 19. Application circuits of Conductivity Modulated Transistor. (a) AC
controlled circuit. (b) CMT as an equivalent of programmable unijunction
transistor.

circuits). Also, when it is essential not to generate elec-
tromagnetic noise. the proposed CMT transistor can be
very useful.

The device can be also used in applications where an
electrically controlled resistor is required. Note that the
device behaves as a resistor the value of which can be
modulated by emitter current. The wide range of linear
characteristics make this device particularly attractive in
such applications.

It may also be used instead of conventionai unijunction
transistors which exhibit negative input resistance as is
shown in Fig. 19(b). Similarly as in the Programmable
Unijunction Transistor, various threshold voltages can be
controlled by an external resistor R,.

VII. CoNCLUSION

In theory a very large 3 is possible when recombination
phenomena are carefully controlled. However, high 3
values may create problems of unstable operation. There-
fore, in order to assure a small value of R,. careful design
of the device geometry becomes critical.

The presented one-dimensional numerical analysis was
helptul in understanding the physics of the device opera-
tion and allows for derivation of a simple analytical
model. Better understanding of the device operation could
be possible when two- or three-dimensional analysis is
performed in the presence of hole current. This also may
allow for the study of device geometry which may lead to
the optimum device design with respect to lower values
of R, for assurance of stable device operation. With the
presented one-dimensional approach no such conclusion
can be drawn.

Another possible approach is to fabricate many devices
with various geometries and, based on the obtained char-
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acteristics, proper conclusions for optimum design can be
drawn,

With silicon devices it will be difficult to obtain high
ratios between the on and off states. In the measured de-
vice the ratio was about 4. It is, however, expected that
in the case of GaAs, where much larger resistances are
possible, this ratio can exceed 100.
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