The Bipolar Junction Transistor

1. Introduction

The discovery of the Bipolar Junction Transistor (BJT) opened the era of modern electronics. William Shockley
started in 1945 to begin organizing a solid-state physics group at Bell Labs. Among other things, this group
pursued research on semiconductor replacements for unreliable vacuum tubes and electromechanical switches
then used in the Bell Telephone System. In 1946, theoretical physicist John Bardeen suggested that electrons on
the semiconductor surface might be blocking penetration of electric fields into the material, negating any
effects. With experimental physicist Walter Brattain, Bardeen began researching the behavior of these "surface
states.” On December 16, 1947, their research culminated in the first successful semiconductor amplifier.
Bardeen and Brattain applied two closely-spaced gold contacts held in place by a plastic wedge to the surface of
a small slab of high-purity germanium. The voltage on one contact modulated the current flowing through the
other, amplifying the input signal up to 100 times. On December 23, 1947, they demonstrated their device to lab
officials - in what Shockley deemed "a magnificent Christmas present.” Named the “transistor" by electrical
engineer John Pierce, Bell Labs publicly announced the revolutionary solid-state device at a press conference in
New York on June 30, 1948. A spokesman claimed that "it may have far-reaching significance in electronics
and electrical communication.” Despite its delicate mechanical construction, many thousands of units were
produced in a metal cartridge package as the Bell Labs "Type A" transistor.
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Fig.1. A replica of the first point-contact germanium transistor, Bell Labs (Lucent-Nokia)



In January 1948, William Shockley began a month of intense theoretical activity. On January 23, 1948 he
conceived a distinctly different transistor based on the p-n junction discovered by Russell Ohl in 1940. Partly
spurred by professional jealousy, as he resented not being involved with the point-contact discovery, Shockley
also recognized that its delicate mechanical configuration would be difficult to manufacture in high volume
with sufficient reliability. Shockley also disagreed with Bardeen's explanation of how their transistor worked.
He claimed that positively charged holes could also penetrate through the bulk germanium material - not only
trickle along a surface layer. Called "minority carrier injection,” this phenomenon was crucial to operation of
his junction transistor, a three-layer sandwich of n-type and p-type semiconductors separated by p-n junctions.
This is how all "bipolar" junction transistors work today. On February 16, 1948, physicist John Shive achieved
transistor action in a sliver of germanium with point contacts on opposite sides, not next to each other,
demonstrating that holes were indeed flowing through the germanium. Shockley applied for a patent on the
junction transistor that June and published his detailed theory of its operation in 1949.

The bipolar junction transistors are widely used today as discrete components or inside the analog or some
digital integrated circuits, performing simple or complex electronic functions in electronic equipment.

2. BJT Dbrief theory

Currently, the Bipolar Junction Transistors (BJT’s) are manufactured on a large scale. They are the dominant
components in radiofrequency and audio equipment. The basic material used to produce these transistors is
silicon.

The BJT is a three terminal device which presents three doped regions: emitter, base, and collector (Fig.2).
These regions form two p-n junctions between them. The emitter has a moderate size and it is heavily doped
causing it to supply a large number of carriers for the flow of current. The base is thin and lightly doped. The
collector is larger than the emitter (wide) and is moderately doped. Hence, it collects most of the majority
carriers supplied by the emitter.
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Fig.2.The internal structure of a npn bipolar junction transistor
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Depending on the impurities introduced into the silicon in the manufacturing process, there are 2 types of
bipolar junction transistors: the npn BJT and the pnp BJT. Thus, two types of charge carriers will circulate
through a device: electrons and holes (Fig.3). For this reason the BJT’s are called bipolar devices. Most
circulating charge carriers through the semiconductor material are the holes for the pnp transistor and the
electrons for the npn transistor. Because the mobility of electron is greater than the mobility of the hole, the npn
transistor has a faster response time compared to a pnp transistor. Therefore, in practice npn transistors are more
widespread than the pnp transistors.
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Fig.3.The charge flow through bipolar junction transistor biased in the forward active region

The symbols for the npn and pnp bipolar junction transistors are represented in Fig.4. The terminals can be
identified by consulting the part datasheet given by the manufacturer.
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Fig.4.The electrical symbol for the bipolar junction transistor: a) n-p-n BJT; b) p-n-p BJT
The terminals are: C-Collector; B-Base; E-Emitter

Since it has three terminals, the bipolar junction transistor can be described by using six electrical parameters
(Fig.5):
- three currents (is: the base current; ic: the collector current; ie: the emitter current);
- and three voltages (vge: the base-emitter voltage; vec: the base-collector voltage; vce: the collector-
emitter voltage).
The Kirchhoff’s circuit laws may be written for the bipolar junction transistor:
e =i +ig 1)
Vee =Vee +Veg =Vae —Vac (2)
Thus, only four of these 6 parameters are independent parameters: ic, is, Vsg, VcE.
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Fig.5.The electrical parameters which define the state of the bipolar junction transistor:
a) n-p-n BJT; b) p-n-p BJT. The terminals are: C-Collector; B-Base; E-Emitter

1. BJT junctions measurement

The BJT can be viewed (Fig.3) as a structure of two pn junctions placed back to back. It is very important to
understand that the transistor effect occurs in a single silicon crystal and that the device cannot be built using
two interconnected pn junctions (which are built of two different silicon crystals). To check the two junctions of
the BJT, an analog ohm-meter can be used (e.g. Simpson 260, MAVO 35), by connecting it in turn to each of
the junctions (Fig.6). The third terminal of the device (unused) can be left unconnected (in the air). The
indication of the ohm-meter should be about halfway for base-emitter and base-collector junctions when they
are in forward bias (the ohm-meter has a 1.5V internal battery and the voltage drop on the transistor junction is
about 0.6V). In reverse bias, when the ohm-meter is connected to the base-emitter and base-collector junctions,
the indicator needle should not move (infinite resistance). Also, when measuring the collector-emitter junction,
the analog ohm-meter must indicate an infinite resistance.
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Fig. 6.The measurement of the BJT junction by using an ohm-meter: a) npn BJT; b) pnp BJT
2. BJT operating regimes

The BJT operation is based on changing the collector current (ic) as a function of the bias current injected
into the base terminal (ig), so it is a current controlled device. Since the BJT has 2 internal pn junctions (and
one pn junction has two bias regimes-forward bias and reverse bias-), it results that the transistor will have four
operating regimes: forward-active, saturation, cut-off and reverse active (Table 1).



Table 1- Operating regimes for BJT (approximate data)

Transistor type

Operating regime

Junction bias

BE junction

BC junction

Junction voltage
polarity

forward-active

forward bias

reverse bias

Vee>0, Vec<0

NPN saturation forward bias forward bias vee>0, Vec>0
cut-off reverse bias reverse bias vee<0, vec<0

reverse-active reverse bias forward bias vee<0, vec>0

forward-active forward bias reverse bias vee<0, vec>0

PNP saturation forward bias forward bias vee<0, Vvec<0
cut-off reverse bias reverse bias vee>0, Vec>0

reverse-active

reverse bias

forward bias

Vee>0, Vec<0

The bias regimes for a npn transistor are presented in Fig.7. In a similar way the bias regimes for a pnp

transistor can be represented, too.
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Fig.7. A simplified graph with the operating regimes for the npn BJT

3. The forward-active regime

<\r

BC

The most used bias regime for the BJT is the forward-active regime, because in this regime the transistor
can be used as amplifier, to amplify the AC signals. The BJT operation assumes that DC voltages are present
between both BE and CE terminals. Given the roughly data presented in Table 1, the conditions that must be
met by the bias voltages which are applied to the transistor terminals to be in the forward active regime are

refined in Table 2.

Table 2- The bias of the BJT junctions in the forward-active regime

Transistor type

Bias conditions

PNP

NPN Vee € I:V;/;VBEsat} ; VCEsat SVCE SV(BR)(:EO ; _V(BR)CBO SVBC SVBE _VCEsat
Veg € Vy;VEBsat] +Vecsat <Vee < _V(BR)CEO ;V(BR)CBO <Vep <Veg ~Veca




The introduced parameters are:
-V, represents the opening voltage of the base-emitter junction in forward bias (typically between

0.2+0.5V), and it is the maximum base-emitter voltage where 1s~0;
- Vgeiy IS the base-emitter saturation voltage (=0.7V+0.8V);

- Vg IS the collector-emitter saturation voltage (=0.1V+0.5V);

- Vieryceo IS the collector-emitter breakdown voltage;

-V

(BR)CBO
Over the DC signal applied to the transistor, the AC signal is superimposed, usually with smaller amplitude.
The BE junction is typically a pn junction and it acts like a diode. When this junction is forward biased,

there are two currents passing through the junction: an important current provided by the electrons (for npn

transistor) or holes (for pnp transistor) (Fig.3) which flow from emitter to the base, and a small current of holes

(for npn transistor) or electrons (for pnp transistor) from the base to the emitter. The base width is small, and

when a voltage is applied between the collector and the emitter, most of the electrons (npn transistor) or holes

(pnp transistor) that were moving from emitter to base, cross the thin base region and they are collected at the

collector region. The BC junction is in reverse bias. Because the base width is small, a large current flow

through this region (electrons for npn transistor, holes for pnp transistor). The amount of the current that crosses
from emitter to collector region depends strongly on the voltage applied to the BE junction, vge (it also depends

weakly on voltage applied between collector and emitter, vce). As such, small changes in vge or is controls a

much larger collector current ic. Note that the transistor does not generate ic. It acts as a valve controlling the

current that can flow through it. The source of current (and power) is the power supply that feeds the CE
terminals. The transistor effect means that the carriers injected from the emitter (electrons for npn type
transistor, holes for pnp type transistor) to the base are extracted by the collector.

The collector current is:
lo =1 -exp[\ﬁj(HEJ (3)
Vth VA
.where:

- ls is the BJT saturation current (different from pn junction Is);

is the collector-base breakdown voltage.

-V, = kT is the thermal voltage (about 26mV at 300K) with k — the Boltzmann’s constant, g- the
q

elementary electrical charge (1.6-10°C) and T- the absolute temperature;
- Va is the Early voltage (typically between 60V and 100V for a low power BJT).

The DC current gain is:

Br = :_C (4)

.where:
- lc is the DC collector current;
- lgis the DC base current.

Pr is is a dimensionless physical quantity that that can have typical values between 10 and 1000, and it is
replaced in the device datasheet by the hybrid parameter hre:

hFE = S (5)
The characteristic ic=f(vse) for a low power npn BJT used in low frequency amplifiers (below 1MHz), in a
common emitter configuration, at three different Early voltages (Va1>Va2>Vas3), is represented in Fig.8.
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Fig.8.The transfer characteristic ic=f(vese) for a low power npn-BJT when changing the Early voltage

Temperature influence

When the ambient temperature changes, it will influence the following parameters: the saturation current
(Is), the base-emitter voltage (Vee), and the thermal voltage (V).
The saturation current is:

. .D. -n?
IS — (1 /\E n 1 ((5)
Ng ‘W,
,where:
- Ag is the emitter area;
- Dnis the diffusion constant for electrons;
- njis the intrinsic carrier concentration;
- Ng is the base doping concentration;
- Ws is the width of the base region.
Two of the mentioned parameters are strongly influenced by temperature:
[)n — !E_;]; ./jn — !S_;]; .(: .1-_n (7)
q q
-V,
n?=D.T%exp| - Yo 8
. p[ = ] ®)

,where:

- Mn is the mobility of electrons;

- Cand D are constants (independent with temperature);
- Vo Is the band gap of Si at absolute 0.



By replacing in (6), it results:

= A k'T.C.T-” -D-T3-exp(—q'—v‘3°j
N, W, | g k-T
k-

I, = A -C-D-T“-exp(—q'—veoj
N; -W, k-T

By neglecting the Early effect, the Vge voltage may be determined from Eq(3):

Vee (T) =V, -In( :; j qu In [:—j

By replacing the saturation current, it results:

k-T I
Vee (T) ‘In £
q K AE C-D T“”-exp( Q'Veoj
5 - Wg k-T
Vge (T) VGO+kT In| —Ne-Wa I T
q k-A.-C-D
VBE(T)=VGO+k'—T~|n(ct IC-T”“‘)
q
, where ct is a constant:
ot = —Na W
k-A.-C-D
It results:
VBE(T) Vs

Yee L) =Yoo K g (e, 7o)
T q
By calculating the first derivative of Eq. (14), we obtain:

Ve =5-|n(|C T - KT, 1 — |-(4=n) -1 -ct-T"?
or q q le-ct-T"
Ve :E~In(lc~ct-T"‘4)—E-(4—n)
or ¢ q
From Egs. (16+18) it results:
Ve _ Vee (T)—Veo _5‘(4_n)
oT T q
At room temperature, for a silicon transistor, the value for this derivative is approximately:

8Vi[l -2mV /K
oT

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

The characteristic ic=f(vse) for a npn BJT used as a common emitter amplifier at three different working

temperatures (T3>T2>T1) is represented in Fig.9. The increase in current is very large as the temperature
increases, when the base-emitter voltage remains constant. This may cause the device to heat up, and throug
the device there will be an additional increase in current due to this heating. The temperature acts on the dev
as a positive feedback circuit. In some cases the destruction of the junctions may occur if no current limiting
measures are taken.
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Fig.9.The transfer characteristic ic=f(vase) for a low power npn-BJT when changing the temperature

The base current may be written as a function of the collector current and B (we neglected the Early effect):

o _1s oyl Vee

The input characteristic for a npn BJT (Is=f(Vse)) biased in the forward active regime is represented in Fig.10,
and it is similar to the pn junction characteristic in the forward bias regime.
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Fig.10.The input characteristic 1s=f(Vge) for a low power npn-BJT



The transfer characteristic 1c=f(Ig) for a low power npn bipolar junction transistor. The parameter fr can be
extracted from this graph.
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Fig.11.The transfer characteristic I;=f(lg) for a low power npn-BJT
The output characteristics Ic=f(Vce) for a npn bipolar junction transistor used in a common emitter
configuration amplifier at different base-emitter voltages (Veei< Vee2< Veez< Vees< Vees< Vges) are

represented in Fig.12. The slope of the current-voltage characteristic in the forward active region is given by the
influence of the Early voltage.
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Fig.12.The output characteristic 1c.=f(Vce) for a low power npn-BJT



4. The saturation regime
In the saturation regime, both junctions are forward biased, and the base and the collector currents may
attain the highest values (Table 3).

Table 3- The bias of the BJT junctions in the saturation regime

Transistor type Bias conditions
VBE € [VBEsat ;VBEsat max] ’ O < VCE SVCEsat ’ VBEsat _VCEsat < VBC SVBEsatmax
NPN
PNP VEB € [VEBsat ;VEBsat max] ’ 0 < VEC SVECsat ;VEBsat _VECsat < VCB SVEBsat max

The parameter V is the maximum base-emitter voltage in the saturation regime (typically 1V+3V).

BEsat max

The transistor acts as a closed switch (it is considered in ON state in digital circuits, Fig.13).
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Fig.13.The equivalent circuit for a BJT used in digital circuits in the saturation regime: a) npn BJT; b) pnp BJT.

The transistor will be in the saturation if and only if:
fe> it (22)

B

The reason for this inequality is that both junctions are injecting and collecting charges (and the base current
in the saturation regime is much higher compared to the base current in the forward active regime).
For the npn transistor, the following physical mechanisms occur:

- electrons are injected from emitter into base and they are collected by the collector;

- electrons injected from collector into the base are collected by the emitter;

- holes injected into emitter recombine at ohmic contact;

- holes injected into collector recombine with electrons in the n+ buried layer.



For the pnp transistor, there is the following situation:
- holes are injected from emitter into base and they are collected by the collector;
holes injected from collector into the base are collected by the emitter;
electrons injected into emitter recombine at ohmic contact;
electrons injected into collector recombine with electrons in the p+ buried layer.

5. The cut-off regime

In the cut-off regime, both BJT junctions are in the reverse bias (Table 4). The base extracts charges (holes for
the npn transistor, electrons for the pnp transistor) from the emitter and the collector regions.
The collector current is given by:

I

Iczﬂ_SR:_lBl (23)
where fr is the DC gain of the transistor in the reverse-active regime:
I
Br = I_E (24)
B
Pr is very small compared to S (it has typical values between 0.1 and 5).
The emitter current is:
| (25)

le =—=—1g,
e

The currents through the terminals of the transistor are very small (0.1fA for state of the art IC BJT’s + tens of
nA for general purpose discrete BJT’s), so they may approximated by zero.
The transistor acts as an open switch.
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Fig.14.The equivalent circuit for a BJT in the cut-off regime: a) npn BJT; b) pnp BJT.



Table 4- The bias of the BJT junctions in the cut-off regime

Transistor type Bias conditions
NPN Vee € |:_V(BR)EBO;V;/:|; Vcc ~Vee SV(BR)CEO , _V(BR)CBO < Vac SV}/ _Vcc
PNP Veg € |:V(BR)EBO ;V7:| Vee ®Vee < _V(BR)CEO Vee _V}/ < Vic SV(BR)(:BO

The introduced parameters are:

6.

V

(sr)es0 1S the emitter-base breakdown voltage;

V. is the supply voltage applied between collector and emitter (through some resistors);

Vier)ceo 18 the collector-emitter breakdown voltage;

V

(sr)ceo 1S the collector-base breakdown voltage.

The reverse-active regime

The reverse-active regime is rarely used. In this regime, the B-E junction is in the reverse bias, and the B-C
junction is in forward bias (Table 5).

Table 5- The bias of the BJT junctions in the reverse-active regime

The parameter V,

Transistor type Bias conditions
NPN Vge € [—V(BR)EBO;VJ; V, <Vge <Vic max -
oNp Ves €[ VigryeoorV; |3V, < Veo <V

is the maximum voltage to be applied on the B-C junction (at this voltage the maximum

BC max

allowable current will flow through the base, Ismax), and it may be approximated by the V., .

In the reverse-active regime:

the collector injects charges (electrons for the npn transistor, holes for the pnp transistor) into the base
and the emitter collects the charges (electrons for the npn transistor, holes for the pnp transistor) from
the base;

the base injects charges (holes for the npn transistor, electrons for the pnp transistor) into collector.
These charges recombine at the collector contact and buried layer.

The DC gain in the reverse-active regime is:

B, ::—Ee[O.l; 5] (26)

The BJT small signal AC model at low frequencies

When the BJT is used as a small signal amplifier, an alternating voltage with amplitude less than the thermal
voltage (V) is applied on the base-emitter junction. This allows an approximately linear response of the circuit
in which the device is used. The transistor should be DC biased in the forward-active regime.

Vie U Vi = kTT(z 26mV at room temperature(SOOK)) (27)



The AC small signal model for low frequencies (below 10 KHz) of the BJT is given in Fig.15. The
transconductance (gm) and the input and the output resistances of the device (roe, ro) are:

gmzﬁhciiumwdmAN)
aVBE Vth

i, = e Vakq)
o/ PO N

rbe = &
9

,where fo represents the AC current gain of the device:

iC

b=

ib
The output resistance may be neglected in some situations.
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Fig.15.The AC equivalent circuit for the BJT
The common emitter amplifier
Consider the circuit from Fig. 16, which contains a npn bipolar junction transistor.
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Fig.16.The npn BJT in a common emitter amplifier configuration

(28)

(29)

(30)

(31)



By using a set of resistors (Re1-Rg2 voltage divider, Rc and Rg), the device is biased from a single supply
voltage (Vcc) in the forward active regime. The bias operating point for the BJT should be chosen wisely so as
to avoid the entry of the device in the blocking regime or the saturation regime when the alternating current
signal is superimposed over the direct current one.

In this circuit there are two coupling capacitors (Cg is used to connect the AC voltage source Vs to the base and
to block the DC component to pass from the base to the AC voltage source, Cc is used to connect the collector
to the external load resistor, R, and to block the DC component to pass from the collector to the load) and one
decoupling capacitor (Cg, used to short circuit the emitter resistor, Re, and to connect the emitter in AC to the
ground). The capacitors have a very low reactance at the working frequency (several ohms + tens of ohms). The
amplitude of the AC voltage (Vs) source is smaller than the thermal voltage (V). In AC, the input voltage (Vs)
is applied between the base and the emitter, and the output voltage (the load voltage) is measured between the
collector and the emitter. Thus, the emitter is common to both input and output. This is also the reason why the
amplifier is called a “common emitter”.

The DC schematic for the common emitter amplifier is represented in Fig.17. The voltage divider formed by
Re1 and Rg2 provides a constant base voltage (proportional to Vcc — which is supposed to be a regulated supply
voltage). The current flowing through the voltage divider must be chosen at least 10 times higher than the base
current of the transistor (the change of base current should have a very small effect on the modification of the
base potential). The emitter resistor (Re) introduces a DC negative feedback to keep almost constant the
collector current, when the base potential and (or) the ambient temperature are changing. For a stable operation,
the Ic must be kept constant, and biasing the BJT at constant Vge (without the emitter resistor Rg) is a wrong
decision (it has been previously shown that Vg, Vinand Is strongly dependent on temperature). Re also reduces
the output swing.

-

_ 1 Vecc

RB2

A

RE

&

Fig.17.The DC circuit for the common emitter amplifier
It can be written as:

Ry _RuRep lo .y  fetlp | (32)
Rg; + Rg, Re; +Re, /r B
Vcc:Rc'Ic"'VCE"'IBF +1'RE'|C (33)
Br
It results:
RBZ
B2y -V
Ry +Rsp < ™ (34)

| =
¢ Ry R, .i_'_ﬂ,: +1'RE
Res +Reo B Fe
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The transfer conductance is:

g, =40-1.(mA/V)
The input resistance of the BJT is:
By he

h,=-2=—
* 9, O

el

Rs2
_ B2\ VY
R.,-R 1 +1
BL' B2 - B R
Rei+Re, [ Br

The AC schematic for the common emitter amplifier is represented in Fig.18.
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Fig.18.The AC circuit for the common emitter amplifier:
a) by considering the BJT; b) by replacing the BJT with its small signal low frequency equivalent circuit

The voltage gain is:

Vo —On Ve (IRR)

i:

The current gain of the circuit is:

1<|ls

Ve

=g, (LIIRIR)

(35)

(36)

(37)

(38)

(39)
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p=loo : R GALATS!
i Ve

- (Reu I Rs, IT)

R. 1o (40)
Rl +R ‘I +R:-R,

The transimpedance gain and the transconductance gain are:
Vo ~9n Ve (GlRIIR)

A== v =00 (6 IR IR )-(RalIRs IIT.)  (41)
i _be
(ReulIRe 1)
R.-r
I _gm'vbe'R ¢
szzo: C-ro+RL-rO+RC-RL:_ _ R.-1g (42)
— V Vie " R.-lo+R ‘Io+R:-R,

The output resistance (ro) of the BJT is_typically much high_er compared to Rc and Ry, and the circuit can be
simplified by eliminating it. Thus, the Eq. (39-42) can be simplified.

Linearity problems

Let’s consider a simplified schematic of the common emitter amplifier (Fig.19):

T -
Vbe + A —\Vce
= % )

‘V’ _'\/.T
+ BE _be

VBE —

v
Fig.19. A simplified version of the common emitter amplifier

Looking at equation (3), it can be seen that the bipolar transistor has a strong nonlinear (exponential) transfer
characteristic. The DC collector voltage is:

Ve =Vee —Re - lc (43)
Considering equation (3) and neglecting the Early effect, equation (43) becomes:
V,
Ve =Vee —Re e :VCC_RC'IS'eXp[%j (44)
th

When an AC signal is applied to the input, the Eq.(44) can be developed in Taylor series:



V

th

v Yoo 1 ()
c+tVo=Vee —Re-lo | I+==+=| 5= | +.... (45)

In the situation when the input signal has a small amplitude, ‘Vbe

1V, so the quadratic and higher terms may

be neglected. The equation becomes linear (’Vbe 0 Vy):
Vbe
Ve +Vy =V Rl | 1+4= (46)
T Vin
The DC and the AC components are:
Ve =Vee —Re - e (47)
Ve le
\é:-RC-|C-W=—RC-\Z-\£:—RC-gm-\£ (48)

v e
By looking at Eq.(45), the ratio between the quadratic term to linear term is —==—. If ’V—b :E, a distortion of

2-V, 2-V,,

about twenty percent can be found in the output signal (this means that =10mV ). The conclusion is that

Vbe

the common emitter amplifier is linear only if the input signal has very low amplitudes. The operating point
must be chosen so as to avoid saturation or transistor blocking, for the selected input voltage range (Fig.20).

Ve (V)
v, .
CC i
| l 'ﬁ_v—be
: AVo
1“"rC{Z. :
7 :
DC Operating Point ‘ *
0 — V. (V)
VBE fa.

Fig.20. Choosing the DC operating point for the common emitter amplifier



7. Laboratory activity
a. BJT transfer characteristics

Consider the circuit given in Fig.21. The components are described in Table 1 from Annex 1. It is required
to draw and to simulate the circuit. VBE and VCC are DC voltage supplies.

RC
AVAVAY
1k
Vee +
T1 25V —

+ Q2N2222 T
L VBE
— 06V

0

Fig.21 BJT schematic for measuring the transfer characteristics

The collector current (Ic) will be measured as a function of the base-emitter voltage (Vge). To do this task, a
DC Sweep... analysis will be accomplished. The primary DC Sweep voltage is VBE. It will be varied between 0
and 0.7V with an increment of 0.01V (Fig.22).

RC
f N
/\/\/\, DC Sweep &J
1k :
Analysis Setup SweptVar. Type )
& “olage Source fers BE
Enabled o t
r AL Sweep... CIpCItLIc '7
P = Load Bias Paint " Current Saurce
oad Bias Paint...
Vee -+ - - " Model Parameter I
T1 25V I Save Bias Point... ¢ Global Parameter '7
o — v DC Sweep...
—_ 5 T
+ VB E &% Q2 N2222 r Monte CarloMworst Caze... ;\IEEF e Start W alue: "37
* Linear

— 0.6V ) v Bias Point D etail £ Octave EndVabe: |07

1 ) Digital Setup... ¢ Decade Increment: 0.
" Walue List ,7

Mested Sweep... Cancel
~
0

Fig.22 Adjusting VBE for measuring the transfer characteristics



The secondary DC sweep voltage (Nested Sweep....) is Vcc. It will be varied between 20V and 40V with an
increment of 10V. The Enable Nested Sweep option will be checked (Fig.23).

RC
/\/\/\/ DC Nested Sweep Iﬂ-_J
1 |( Swept Var. Type
Analysis Setup {* ‘olage Sourc e Voo
Enabled " Temperature
r AC Sweep... " Current Source
9 ~ Load Bias Point... " Model Paramete
+
Vce B ] " Global Parameter ’7
r Save Bias Point...
I 2V = " DCSween. |
—— — v WEEP... Sweep Type

* = Q2N2222 T —_— . StartValug, |20

r Monte Carlo/worst Case... (¢ Linear
JR— VB E - —_— " Dctave End Walue: 40

e Bias Point Detail
_— OGV J e e " Decad Increment: 10
Digital Setup... € Value List
Main Sweep.. [¥ Enable Mested Sweep
Cancel
0 L

Fig.23 Adjusting Vcc for measuring the transfer characteristics

After running the simulation (F11), the collector current will be displayed on Y axis. For the X axis, the
selected parameter will be the base-emitter voltage (Vee) (Fig.24). By selecting the Toggle Cursor, the
simulation results may be displayed.

{88 BJT_transfer_ic_vbe - OrCAD PSpice A/D Demo - [BIT_transfer_ic_vbe.dat (active)] " _
= File Edit View Simulstion Trace Plot Tgols Window Help B2 - |8 X
ERA-3 & BJT_hransfer_ic_vbe [ ]

Baq MEhxB M2 o || R M H s

186mU 158mU 2/8mU 258mU 3p8mu 35 6mu 4pamy 45 8mU Sa8my S5 8my 65 8mY 7a8mu
U UBE
" B BT tranfer
For Help, press F1 V.VBE= .7 100% m

Fig.24 The measurement of the transfer characteristics Ic —Vge for the npn BJT



The results should be written and complete Table 6.

Table 6 — BJT transfer characteristics

Vee(V)

Vee(MV)

Ic(mA)

20

0

500

550

600

650

700

30

0

500

550

600

650

700

40

0

500

550

600

650

700

The effect of the Early voltage on the transfer characteristic may be observed by replacing the secondary
DC Sweep voltage (Vcc) by the Early voltage parameter: select Model Parameter, Model Type: NPN , Model
Name: Q2N2222, Param. Name =VAF, Start Value: 20, End Value: 120, Increment: 50 (Fig.25).

RC DC Nested Sweep [é]
Swept Var. Type
/\/\/\( Analysis Setup " “altage Sourc e
1k " Temperature
Enabled  Cunent Souce Model Type: IW
ACS
5 — B_We:j_ & Model Pavarnate | ModelName:  [2N2222
L r pad Blas ot " Global Parameter Faram. Mame: |“aF
Vee - Save Biaz Pairt...
—L Sweep T
T 25V — v DC Sweep... [_TEEF B Start Value: 20
+ _ * Inear
VBE [, Q2N2222 r Monte Carlo/worst Case... O Octave ErndValue: 120
— 0.6V v Bias Paint Detail " Dacad Icrement: |50
T Digital Setup... " Yalue List ,7
Main Sweep... [¥ Enable Nested Sweep
oy Ok Cancel
0 _Canee|

Fig.25 The Early voltage parameter settings to study its influence on the transfer characteristics

The simulation results (Fig.26) may be written in Table 7.




4881 BJT transfer_ic vbe early voltage - OrCAD PSpice 4/D Demo - [BJT transfer_ic vbe early voltage.dat (active]]

B File Edit View Simulation Trace Plot Tools Window Help B2

10amy 158my

2@08my 258my 308my 358my

U UBE

4a8my

45 8my

5@6my

55 68muy 6a8my 65 Bmuy 700my

iof
1 @ BJT_transfer...

FarHeln nrecc

) Fig.26 The influence of the Early voltage on the output current in the

W WRF- 7 1nnes

transfer characteristics

Table 7 — The influence of the Early voltage on the BJT transfer characteristics

Va(V)

VBE(mV)

Ic(mA)

20

0

500

550

600

650

700

70

0

500

550

600

650

700

120

0

500

550

600

650

700




The temperature influence on the transfer characteristic may be studied if the temperature is set as the
secondary DC Sweep parameter: Nested Sweep...Temperature, Start Value: 20, End Value: 100, Increment: 40,
Enable Nested Sweep (Fig.27). To keep the transistor in the forward-active regime for the entire temperature
range, Rc will be decreased to the value of 100Q.

/\/\/\/ DC Nested Sweep I-EE-]
Swept Var. Type
1 OO Analysis Setup " Walage Sours e
+ Temperature
Enabled
MPH
- AC Sweep... " Current Source
a2n2222
4 r Load Bias Paint... £ Model Paramete
+ " Glabal Parameter VAR
T1 ;;‘;{ r Save Biaz Point...
—] R DCS Sweep Type
* Q2N2222 -1 v e & Start Value |20
&R r Monte Carloforst Case... Lingar
1 VBE £ Octave EndValue:  [100
— 0.8V v Blés.F'olnt Detail  Decad T ,407
Digital Setup. ..  Walue List ’7
Main Sweep... [¥ Enable Nested Sweep
Cancel
0

Fig.27.The temperature settings to study its influence on the transfer characteristics

The simulation results (Fig.28) will be depicted in Table 8.

cﬁl BJT_transfer_ic_vbe_temp - OrCAD PSpice A/D Demo - [BJT_transfer_ic_vbe_temp.dat (active]] y - -~ __ — 5|
B Fle Edit View Simulation Irace Plot Tools Window Help BE _ =
QA E2EUE BJT_tarster_ic_vbe_temp »

RAQA M B |28 5o || KM F A H 2

8 &

88._0622n |||
37.701p
- . ,  80.0:

-
i

B W

1 E BJT_transfer..

For Help, press F1 VVBE= 7 100% a

Fig.28.The temperature influence on the transfer characteristics



Table 8 — The influence of the temperature on the BJT transfer characteristics

t(°C) Vee(MV) Ic(mA)

0

500

20 550

600

650

700

0

500

60 550

600

650

700

0

500

100 550

600

650

700

The I = f(Ig) characteristic can be represented by drawing the circuit from Fig. 21 and by selecting the base
current on the X axis: Plot-Axis Settings...-X Axis - Axis Variable...- IB(T1).

480 BT transfer_ic_ib - OrCAD PSpice A/D Demo - [BJT_transfer_ic_ib.dat (scivel D —— g B B = = 5|
B File Edit View Simulation Trace Plot Tgols Window Help B2 - l= %
SR =) BJT_transfer_ic_ib 3

BRAAQ M E |2 P |k || R F AT A &

" B BT transfer

For Help, press F1 V.VBE= 7 100% o=

Fig.29.The Ic=f(lg) transfer characteristic

The results may be collected in Table 9.




Table 9 — The Ic=f(lg) transfer characteristic

Is(LA) Ic(mA)
0
5)
10
15
20
25
30
35

40
45

The Br dependence on Ic may be represented (Fig.30) if the collector current is set on the X axis (Plot-Axis
Settings...-X Axis - Axis Variable...- IC(T1)) and Br is displayed as a ratio between Ic and Ig (Trace-Add
Trace..- IC(T1)/IB(T1)). The results are written in Table 10.

{2 BIT_transfer_ic_ib - OrCAD PSpice A/D Demo - [BJT_transfer ic_ib.dat (sctvel D ey ol > B W s
B File Edit View Simulation Irace Plot Tools Window Help BR = x
A sEHS

B maa e

inA
(S11C(T1) / 1B(T1)

" B BUT transfer..

For Help, press F1 VVBE= 7 100% v

Fig.30. The PBr variation with Ic
Table 10 — The g change with Ic

Ic(mA) BF
0.005
0.01
0.05
0.1
0.2
0.3
0.5
1
5)

9




b. BJT input characteristic

The BJT input characteristic I1s=f(\Vse) may be represented by using the circuit from Fig.21. The current marker
should be connected in the base terminal (Fig.31).

RC
—\N
1k
Vee +
T1 25\ ——
+ Q2N2222 T
— 0.6V

0
Fig.31. The setup for the input characteristic measurement (1s=f(Vge))

The simulation results (Fig.32) should be depicted in Table 11.

{88 BIT_transfer_ic_ib - OrCAD PSpice A/D Demo - [BIT_transfer ic_ibdat (actve) [N - - " — 5 =]
B File Edit View Simulation Trace Plot Tools Window Help B2 _ ®

S 2E =) BJT_transter_ic_ib 3
RABA MG E 2% P ok | |R N A P

13.791u

1 25 BUT transfer...

For Helo. oress FL WvBE= 7 100% =

Fig.32. The input characteristic 1g=f(\Vgg) for the npn BJT



Table 11 — The input characteristic Ic=f(Vge)

Vee(MV) Is
0
400
500
550
600
650
700

c. BJT output characteristic

Consider the circuit from Fig.21. The collector current (Ic) will be measured as a function of the collector-
emitter voltage (Vce) at different base-emitter discrete voltages. To do this task, a DC Sweep... analysis will be
accomplished. The primary DC Sweep voltage is VVcc. It will be varied between 0 and 25V with an increment of
0.1V (Fig.33).

Re
1k Analysis Setup
Enabled : s Vee
r AL Sweep... " Temperature ,7
- Load Bias Poirt... " Curent Source
Vee F r Save Bias Paint... £ Model Parameter
T1 o5\ —_— " Glabal Parameter
—— v DC Sweep...
+ Q 2N2222 - - Monte Carlo/w/orst Case... 5{‘;‘\‘9? Tupe St Value: ,07
B B ] * Linear
1 VBE - v Biaz Point D etail  Detave End Value: ’257
_ 0 . BV Digital Setup... € Decads T ’017
" Walue Ligt ,7
Mested Sweep... Cancel

0
Fig.32. The setup for the supply voltage to measure the output characteristic 1c=f(Vce)

The second DC sweep voltage(Nested Sweep....) is the base-emitter voltage. It will be varied between 0.6
and 0.7V with an increment of 0.02V. The Enable Nested Sweep option will be checked (Fig.33).

Rc
/\/\/\/ DC Mested Sweep &J
. SweptVar. Type
1k Analysis Setup _p ” : Mame: EE
Enabled e o '
perature
ACS MHPM
r L eewen. ) ™ Current Source
p r Load Bias Paint... ¢ Model Paramete LaMzz2z
Vee * r Save Biaz Paint... " Global Parameter WAF
T1 25V — v DC Sweep... Sweep Type —
+ &A Q2N2222 _ r Monte Carlo worst Case... & Linear Start Yalue: .
1 VBE ; v Bias Paint Detai " Octave EndValue: o7
__ 0 . BV Digital Setup... " Decad Increment: n.nz
E— " Walue List ’7
Main Sweep... |v Enahle Mested Sweep
Cancel
0

Fig.33. The setup for the base-emitter voltage to measure the output characteristic 1c=f(VcE)



Next step is to consider the display of the collector-emitter voltage (Vce) in the Orcad Pspice A/D Demo
probe window (Plot-Axis Settings...-X Axis - Axis Variable...- VC(T1)) (Fig.34). The inclination of the current-
voltage characteristics is given by the Early voltage. The resultis-hOL_JE be noted in Table 12.

{88 BT _output_ic_vce - OrCAD PSpice A/D Demo - [BIT_output_ic_vce.dat (sctve I gl > B W M
B File Edit View Simulation Trace Plot Tools Window Help B2 N-EE
g9 & =3 BJT_output_ic_vce b

@A MFExE K% F

o Ic{T1}

B BT output._..

For Help, press F1

VVcc= 25 100% e
Fig.34. The output characteristic Ic=f(Vcg) for the npn BJT
Table 12 — BJT transfer characteristics

VBE(mV) VCE(V) |c(mA)

0

0.01

0.05

0.1

0.2

600 05

620 0.05

O IN

(op}

N =
S




640

0.05

0.1

0.2

0.5

660

N
o|N|5|o|~N|-

0.01

0.05

680

700




d. The common emitter AC amplifier

Consider the small signal AC amplifier which uses a npn bipolar junction transistor in the common emitter
configuration (Fig.35). The AC input signal (Vs) is provided by a sine-wave voltage source (VSIN), with the
parameters: VOFF =0, VAMPL=1mV, FREQ=1k, TD=0, DF=0, PHASE=0. In the emitter is connected a 5KQ
potentiometer (RPOT, VALUE =5k) to adjust the DC collector current through the transistor ( by changing the
SET parameter taking the values from Table 13).

RC
RB1 1k
100k oo
CB T |
100u
|| .
M Q2N2222
100u s
Rs 1 Vce
75 RL §§ —— 20V

10k

RB2 § RE

47k

1k L CE
100u

ol

0
Fig.35.The common emitter amplifier with a npn BJT

v ()

RPOT
POT

-

The simulation should be performed in the time domain (Transient), for a time of about 10ms.
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Fig.36. Selecting the Transient simulation for the small signal AC amplifier with BJT




The RMS values for the input (base) and output (collector) amplitudes may be monitored by selecting:
(MAX(V(T1:b)) - MIN(V(T1:b)))/(2*SQRT(2)) for the input voltage (Vb);
(MAX(V(T1:c)) - MIN(V(T1:c)))/(2*SQRT(2)) for the output voltage (Vo);
(MAX(1(CB)) - MIN(I(CB)))/(2*SQRT(2)) for the input current (l;);
(MAX(I(RL)) - MIN(I(RL)))/(2*SQRT(2)) for the output current (1o).

The voltage AC gain is:

A - Vo (MAX(V(TZL:0)) - MIN(V(T1:0)))/(2*SQRT(2))
Vi (MAX(V(TL:b)) - MIN(V(T1:b)))/(2*SQRT(2))

(49)

The current gain is:

A= I (MAX(I(RL)) - MIN(I(RL)))/(2*SQRT(2))
1. (MAX(I(CB)) - MIN(I(CB)))/(2*SQRT(2))

(50)

The transimpedance gain is:

A - Vo (MAX(V(TL:)) - MIN(V(TL:c)))/(2*SQRT(2)) (51)
1. (MAX(I(CB)) - MIN(I(CB)))/(2*SQRT(2))

The transadmitance gain is:
I, (MAX(I(RL)) - MIN(I(RL)))/(2*SQRT(2))
: ~ (MAX(V(T1:b)) - MIN(V(T1:b)))/(2*SQRT(2))

(=]

A =

(52)

=<

The AC gains of the circuit should be depicted in Table 13.

Table 13 — The AC gain for the common emitter amplifier

SET Ic(mA) AC Gain

0.9 Az=

0.33 Az=

0.14 A=

0.05 A=




An example which shows the simulation result for the voltage gain of the circuit is in Fig. 37.

4 8JT_common_emitter_amp - OrCAD PSpice A/D Dema - [BJT_common_emitter_amp.dat (active)] b - B _ [ = | |
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Time

"B BT _commo...
For Help, press F1 Time= .01 100% s
Fig.37. Measuring the voltage gain for the common emitter amplifier
Exercises
1. Compare the AC gains for the common emitter amplifier (with BJT) and the common source amplifiers
(with JFET and MOSFET).
2. Measure and compare the input impedance for the the common emitter amplifier and the common
source amplifiers.
3. What is the phase shift between the output and the input signals for the BJT amplifiers?
4. Compare the AC gains for common emitter amplifier at several DC collector currents.



Annex 1

Table 1
Po | Component type Value Library
S.
Numerical value is taken from the laboratory platform.
- Mili-ohms if m is written after the numerical value
1. | R (resistor) - Ohms if nothing is written after the numerical value Analog.sib
- Kilo-ohms if k is written immediately after the numerical value
- Mega-ohms if meg is written immediately after the numerical
value
Numerical value is taken from the laboratory platform.
2. - Pico-farads if p is written after the numerical value
C (capacitor) - nano-farads if n is written after the numerical value Analog.slb
- micro-farads if u is written after the numerical value
- mili-farads if m is written after the numerical value
- farads if nothing is written after the numerical value
2. | T1 Q2N2222 (npn-BJT) Eval.slb
3. | POT VALUE =5k ; SET is between 0 and 1 (the cursor position) Breakout.slb
4. | VSIN (used to - DC: the DC component of the sine wave
function as a - AC: the AC value of the sine wave.
signal generator, - VOFF: the DC offset value (set to zero if you need a pure
sine-wave sinusoid).
voltage source - VAMPL.: the undamped amplitude of the sinusoid; i.e., the
for time domain peak value measured from zero if there were no DC offset Source.slb
analysis) value.
- FREQ: the frequency in Hz of the sinusoid.
- TD: the time delay in seconds (set to zero for the normal
sinusoid).
- DF: damping factor (set to zero for the normal sinusoid).
- PHASE: phase advance in degrees (set to 90 if you need a
cosine wave form).
Note: the normal usage of this source type is to set VOFF, TD and
DF to zero as this will give you a 'nice' sine wave.
5. | VDC (simple - Value in volts. Source.slb
DC voltage
source)
6. | GND_ANALOG - Ground (node potential is 0 volts). Port.slb
- Itis mandatory to be used in any PSpice schematic!
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