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Chapter 6 Homo-hetero junctions

So far we have seen the bulk properties of uniform semiconductors. Henceforth we go into the rich physical phe-

nomenon in spatially structures semiconductors, the actions as defices.

6.1 Electrical and optical characteristics of homo pn junctions

The pn junction is one of the first semiconductor devices for electric circuits. For the detailed history of the device, see

e.g. [1] (though in Japanese, out-of-print).

I 6.1.1 Thermal equilibrium

A pn junction, as it expresses, is a junction of a p-type semi-
conductor and an n-type semiconductor. Here we consider homo-
junctions, in which the same species of semiconductor is used for
p- and n-layers. In such a junction, the electron density is high in
the n-layer and the hole density in the p-layer. Hence there should
be diffusion pressures which drive electrons to the p-layer and holes
to the n-layer for increase of entropy S. On the other hand, such
diffusions charge up the p-layer to negative and the n-layer to pos-
itive creating charge double layer at the junction (charge depletion
layer). This electro-magnetically enhances the internal energy U.
In thermal equilibrium, the double layer width is determined from
the condition for free energy (U — T'S) minimum.

We take a simple model of an abrupt junction (Fig. 6.1), and
p ~ n ~ n; in the depletion layer. We write the built-in volt-
age due to the pn structure at the interface across the depletion layer
Vbi- In the process that an electron moves from the n-layer to the
p-layer, the energy increases by el4;. In the n-layer the electron
density n,, ~ Np, and in the p-layer the semiconductor equation
tells n,, ~ nf /Na. We consider a general case that N7 and No
electrons are respectively distributed in two boxes with site number

N. The number of cases is W = yCn, nCh,. Here only particle

Fig. 6.1 (a) Schematic of an abrupt pn-

junction. (b) Electric field E(z) in depletion
layer. x-direction is taken as positive for the
field. (c) Band diagram.

exchanges are considered hence dN; = —dNj. Under assumption N > Ni o, d(In W) ~ In(N3/N;)dN; (mixing en-

tropy of gases). Applying this to the pn-junction with dN; = —1, Ny = n,,, No = n,, condition d(U — T'S)/dn,, =0
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Fig. 6.2 (a) Upper panel: quasi-Fermi levels in a pn-junction under external forward voltage V. Lower panel:
Spatial variation of carrier densities. (b) Broken line: I-V characteristics of Shockley theory (eq.(6.11)). Normalized
with Jo, which is the coefficient in eq.(6.11). Solid line: Realistic I-V characteristics, in which series resistance,
recombination inside the depletion layer, tunneling through localized states are taken into account. The inset is a
linear plot of (6.11).

gives
NeNy

NpNy~

. NpN
Vi = kpT'In = ~ kpTln —232 = B, — kgT'In

Np i

6.1)

(nn ~ Np, pp ~ Na).

In equilibrium it is also required that the chemical potential (Fermi energy) is constant through the junction, inde-
pendent of the spatial coordinate. Far inside p, n-layers apart from the junction, the band structure should recover the
bulk states. Hence the band diagram in Fig. 6.1(c) is drawn. Let the depletion layer widths in p and n-layers w,, wy,

respectively, then E(z) is given as
—eeoE(z) = Na(22 4+ wp,) + Npw,, (2 <0), Nawp,+ Np(w, —2z) (x> 0), (6.2)

where ¢ is the dielectric constant. Then V; is calculated as

(&
n

Vi = /wn (—E(x))dx = i(ND + Na)wpwy =

N
€€ €€o (Np + NA)szz " wnNp = wp Na. (6.3)
—w,

From eqs.(6.1) and (6.3), we obtain the relation between the doping concentrations and the depletion layer width.

I 6.1.2 Current-Voltage characteristics

In equilibrium of a pn-junction, the net current is zero as a result of balance between the entropy and the internal
energy. An externally applied voltage pushes off the balance and a current flows as a result. When the energy cost is
lowered by the voltage, the diffusion current causes injection of minority carriers. Minority carrier injection is an action
that increases density of minority carrier dynamically. The minority carrier injection breaks the semiconductor equation
np = n? locally. Even in such circumstances, by introducing quasi-Fermi level, we can treat electrons and holes as in

quasi-equilibriums and apply the Boltzmann equation to obtain carrier fluxes. The semiconductor equation (law of mass

E7-2



action) can also be recovered in a bit modified manner. The goal here is to give the net current as a function of external
voltage.

We model the effect of external voltage V' as follows. All the voltage drops outside the depletion layer are ignored and
V is applied inside it. Far from the junction, the current is carried by majority carriers, which have high concentration
and the gradient in the chemical potential in such regions is ignorable. Around the depletion layer, imbalance between the
internal energy cost and the increase of entropy causes a flow of carriers. V is applied against V},; lowering the barrier for
diffusion currents, then the majority carriers flows into the counter layers increasing the minority carrier densities at the
depletion layer edges. The injected minority carriers diffuse into the bulk, recombine with majority carriers and disappear.
The diffusion-annihilation process forms a exponential decay in the steady minority carrier density distribution.

In the above model, we assume that local thermal equilibrium is attained in each thin layer parallel to yz plane through
the carrier-carrier interaction and the particles can be exchanged between neighboring layers. Quasi-Fermi levels, which

depends on z-coordinate, for electrons (u.(x)) and holes (uy, (x)) are introduced as follows,

n(x) = Neexp[—(Ee(z) — pe(2))/ksT], p(x) = Nyexp[—(un(z) — E,(x))/ksT], (6.4a)
n(z)
N, '’

i.e., pe(z) = E.(x)+ kgTIn pr(x) = Ey(z) — kgTIn % (6.4b)
The diffusion of minority carriers (densities n,,, p,,) is described by the following diffusion equations.

d*n Ny — Ty d2pn Pn — Pno
Dega == ~G@), Dy ==—="~Cla), 6.5)

where G(x) represents minority carrier creation e.g. by light illumination and in the dark G(z) = 0. nyg, pno are
minority carrier concentrations in the bulk regions, D, j, T are the diffusion constant and the lifetime respectively (e

for electrons, h for holes). Then minority carrier diffusion lengths for electrons and holes are

Le =/Dete, Lp=+/Dn7h. (6.6)

The solution for (6.5) (p,, for x > w,,, n, for x < —w),) which satisfies the boundary condition n, — n, (z — —00)

and p,, = pro (x — 00), is obtained as

+ wp

x T — Wp
ny(x) = dng exp ( ) +npo, Pnlx) = dpoexp (— ) ~+ Pno, 6.7)

Ly

e
where dng, dpg are concentrations of injected minority carriers at the edges of the depletion layer. From the definition
(6.4b), in the region of diffusion and with ignoring n,0, ppo in (6.7), the quasi-Fermi levels linearly depend on the
distances as

T+ wp ong
1
L. "N,

pe(x) = Ec + kgT [ (6.8)

:| ) Mh(x) = E, — kgT |:Iwn +In 5p0:| .

L h N, v
These should join the bulk values Ef;’ (") at 2 — oo respectively and El(;p (") differ by eV, i.e., El(;p ) Ef?") =eV.
Therefore they are schematically drawn as in Fig. 6.2(a).

We ignore electron-hale recombination inside the depletion layer and assume the currents are limited by the diffusion
of minority carriers. Then the net current density is the sum of minority carrier diffusion currents at the two edges of the

depletion layer. From eq.(6.7) and eq.Fig. 6.2(a),

v v
dng + npo = n(—wp) = npo exp I:B—T, 0po + Pno = p(Wy) = Pro €xXp keB—T. (6.9)
The electron diffusion current density at x = —w,, in the process (6.5) is thus
dn eD.ong eD eV
'e:DeJ = ° = < — —1]. 6.10
T |, T L L, " {eXp ksT ] (6.10)
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Fig. 6.3 (a) Carrier density distribution around a pn-junction under photo-generation of minority carriers G. De-
pletion layer edges are indicated by perpendicular broken lines. Bias is taken as shortage V' = 0. (b) Schematic I-V
characteristics in the dark and under illumination.

The hole current can be calculated in the same way and the net current is given as

__ [D. Dy, eV [ De Dy, eV
J=e [Le Tt P 0} {exp kT ] i [LQNA + LhND] [exp ks T } @10

Equation (6.11) is the very basics of the Schottky theory of pn-junction. Though the model grabs the essence, real pn
junctions are much more complicated. Important modifications are series resistance, recombination in depletion layer and
tunneling conductance through localized level inside energy gap (parallel Ohmic resistance). With these modifications, a

realistic characteristics shown in Fig. 6.2(b) differs considerably from the Shockley theory.

I 6.1.3 Photo-response of pn-junctions

Let us take the simplest model for a pn-junction under illumination assuming majority carrier generation G(x) does
not depend on z (a constant G) in the diffusion equation (6.5). Just as before, the solution for n,(x) and p,, (x) which

satisfies the boundary condition n, = 1,0 + G, for x — —o0, and p,, = ppo + G, for x — oo is

np(x) = npo + Gre + [npo (exp (;;;) - 1) - Gre] exp (aHL—?up) , (6.12a)

V - n
Pul(@) = po + G + [pno <exp (I:BT) — 1) — GTh] exp (—m Lhw ) . (6.12b)

The solution for V' = 0 is schematically drawn in Fig. 6.3(a).

From the solution, the net current density is given as

J=1lJo [exp v 1} —eG(Le + Ly,), (6.13)
ksT

where jo is the coefficient in front of the parentheses in (6.11). Equation (6.13) is a simple negative shift of (6.11) by
Jse = G(7e + 71,). Figure 6.3(b) shows the characteristics. Real solar cells are more complicated but the common is
the negative shift of the current characteristics with illumination. The parameters which characterize each device are the
negative shift at short-circuit condition | Jsc| (short circuit current) and the voltage at open-circuit condition Vo (open
circuit voltage). These depend, of course, on the strength and the spectrum of illumination.

In the characteristics shown in Fig. 6.3(b), the cell pumps out an electric energy under the bias condition in the fourth
quadrant. Current J and voltage V give power W = |JV|. In the forth quadrant |J| < |Jsc|, |[V| < |Voc| then

W < |JscVoc|- Then Juax, Vinax which give the maximum power is determined and

Jmaxvmax
FF = JmaxVmax (6.14)
JscVoc
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is called filling factor (FF). The better the squareness of the I-V characteristics, the higher the FF. Jsc, Vo, and FF are
useful parameters for discussing phenomenology of solar cells, modeling equivalent circuits. In the ideal characteristics
(6.13),

(6.15)

T A
\Jsc| = eG(Le + L1), Voc = FeT' ) [BG(T,“Lm) + 1} .

Jo
The above is the basics of photoelectric conversion and applied to e.g. solar cells. For the solar cells see the article by

the present author [2] (in Japanese).

6.2 pn-junction transistors

Today, we see two kinds of semiconductor devices invented by a
genius named William Shockley. The style of research and develop-
ment which he began, as well as his devices, has been changing the
human life. The above expression is not exaggeration, I believe. 1
have read a short commentary, which tells “the researchers in Bell
Labs. were doing basic research on the surface states of Ge with
putting tips on the surfaces and accidentally found the transistor ac-
tion”. But this is far from real situation. Walter Brattain and John
Bardeen, who were the direct finders, were doing research aiming at

construction of “solid state amplifier” under the team leader Shock-

ley. They did not expect such an easy finding probably but they

realized the amplification certainly because they were doing such

From left, John Bardeen, William Shockley, Walter
Brattain. At AT&T Bell Laboratories, in 1948.

objective research.

The experiment was done a little before the Christmas of 1947
(said to be 12/16. The application for patent was 12/23) Shockley
was out of the labs for a journey. He was thus not so glad hearing
the success. Also the transistor (the term is a combination of transfer
and resistor) which Brattain and Bardeen accidentally found was called “point contact type”, unstable, had low repro-
ducibility. It should have serious obstacles for commercial viability. Their finding might have stimulated Shockley’s fight
as an inventor, he was absorbed in thought as a theorist aiming at realization of “reproducible device for amplification”
and finally got the brilliant inspiration of junction transistor, on the new year’s eve allegedly. The theory for the junction
transistor established 1/23 in the next year. The experimental realization was a year later. The event was the glorious dawn
of the semiconductor physics, in which artificial structures in solids utilize the structural sensitivity of semiconductors

and create new functions, new stages of physics[3].

I 6.2.1 Junction transistor: structure

Figure 6.4 shows basic structure of junction transistor (Bipolar Junction Transistor, BJT, at times just “bipolar tran-
sistor”), in which two pn-junctions are placed close to each other. npn and pnp are possible types of junctions. An ohmic
contact to the central layer is required for the device to have three terminals. The terminals at the two ends are called
Collector (C), Emitter (E) respectively and the central one is called Base (B). In the very beginning, the structure was
fabricated with alloying metals which work as dopants to both sides of the base material. The naming “Base” came from
the fact though lithography and thermal diffusion, ion implantation and epitaxy soon became the dominant methods. As

we will see for the transistor action, the base should be very thin. Thinner than the minority carrier diffusion length.
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Fig. 6.4 (a) Schematic structure of pnp transistor. Circuit symbol and the names of terminals. (b) Schematic

structure of npn transistor and the circuit symbol.

Circuit symbols of transistors are shown in Fig. 6.4, which represent connections of two electrodes to the base graphi-
cally. Circles are often omitted. pnp and npn are distinguished with the direction of arrow, which indicates direction of
electric current when minority carriers are injected into the base electrode. Below we consider npn-type and define the

directions of the current as in the figure.

I 6.2.2 Current-amplification of junction transistors

In the first experiment a constant voltage source is connected to B-C and collector current J¢ is measured. Inside the
structure B-C is nothing but a pn diode and the result is a well known rectification characteristics (Jg = 0 in Fig. 6.5(a)).
Now we connect a constant current source between E and B, and apply finite currents through E. Because B-E is also a
pn junction, the forward bias is positive for B. As shown in Fig. 6.5(a) Vsc — J¢ curve shifts parallely to negative. The
amount of shift is almost Jg.

It should be noted that the characteristics is close to that of a solar cell shown in Fig.2.3(b). The similarity is not a
coincidence, rather, the physical situation is almost the same. While In a solar cell, the minority carriers are directly
created by photon irradiation, in a transistor, the minority carriers are injected through the pn junction between E and B
to the other junction between B and C.

The phenomenon occurring in the junctions are summarised as follows. Here we only describe the phenomenon in
conduction band while that in valence band can be discussed in parallel. In an npn junction, a reverse bias voltage to
B(p)-C(n) suppresses the diffusion current from the n-layer to the p-layer. The (reverse) diffusion of electrons from the
p-layer to the n-layer is not enhanced by the reverse bias because all the electrons reach from the p-layer to the junction
are swung to the n-layer and it is already saturated at zero-bias. Under the reverse (or zero) bias condition of V¢, let
the other pn-junction (E-B) be under a forward bias condition. This is possible because an Ohmic contact is attached
to the base electrode, hence Vgp and Vpc can be controlled independently. The forward bias lowers the barrier by the
built-in potential in E-B junction and the electrons (majority in the n-layer) diffuse into the base layer and the minority
carrier concentration increases in B. This is the phenomenon called minority carrier injection, which decays over the
minority carrier diffusion length through the recombination with majority carriers (holes). Note that the continuity in
current is hold. The flow by injected electrons is not driven by the electric field but by the density gradient. So the flux
is perpendicular to the junction plane almost ignoring the base Ohmic electrode (the recombination current goes to the
electrode). When the B-layer is much thinner than the minority carrier diffusion length, most of the injected carriers reach
the other junction enhancing the reverse current. In Fig. 6.6(a), this appears as the enhancement of the reverse current,

the amount of which is determined that of injected minority carriers. Hence the current does not depend on V¢ as long
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Fig. 6.5 (a) Jc (upside down for convenience) as a function of V¢ with Jg as a parameter in the circuit shown in
the lower panel. With increasing Jg i.e., injecting electrons from E to B, the characteristics resembles to that of an
illuminated solar cell. (b) Application of collector-emitter voltage Vg with floating B, almost no current flows due
to the reverse bias in C-B. The biasing B with some currents Jc appears according to Jg showing saturation for Vcg.

as there is no forward current.

Now an amplification circuit can be composed as follows. Let the electrodes C-E be voltage biased as in Fig. 6.6(c).
The amount of minority carrier injection into B-layer is determined by Vzg. Hence in this circuit J¢ strongly depends on
VB as shown in Fig. 6.6(a). However, the relation is too non-linear for the use of the device in a voltage-input circuit.

Some of the injected minority carriers recombine with majority carriers and some portion flows out to B-electrode. The
base current Jp depends on Vg in the same functional form only but the coefficient as Jc because the pn-junction is the

same. J¢ is thus proportional Jg, that is,
Jo = hrrJB. (6.16)

The good linearity is confirmed in the measurement as shown in Fig. 6.6(b). hpg is called current amplification
factor. And it is often said that “a bipolar transistor works as a current amplification device” from this face. This is in
practice, true as long as we use it as a black box device in electric circuits. However in physical mechanism, as discussed
above, there is no such causality that a small current drives a larger current. The following expression may be closer to
reality: a small current here is just a monitor for voltage to control a large current.

In the usage of a BJT in a circuit, care should be taken that (because it is a “current amplification device”) the input
voltage bias should be set to a low differential resistance region. Particularly in high frequency circuits, the impedance
matching should be taken to the characteristic impedance of the transmission line. One simple “rule” for transistor circuits
is that when a transistor is working as an amplifier, the base-emitter bias voltage should be around the quasi-threshold
voltage (though as we saw there is no threshold voltage in pn-junctions, in ordinary circuit scale, the I-V curve seems as

if it has).
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6.3 Field effect transistors |

Field Effect Transistors (FETs) are now used much more widely in circuits than BJTs. And the idea of FET was born
even long before that of BJT *!, but for the realization of FET requires technologies even higher than those for BJT and
the realization was later than that for BJT. In these 20 years, Metal-Oxide-Semiconductor (MOS) type FETs are mainly
used but the first FET was realized for Junction FET (JFET), which utilize pn junctions.

I 6.3.1 pn-junction and depletion layer

For understanding the device action of JFET, the relation between the reverse bias voltage and the depletion layer is
important. We consider a pn-junction shown in Fig. 6.7, with z-dependent potential ¢(x). The Poisson equation is given
as )

d
chf = —aq(z) (a=(ee)™h). (6.17)
In the space-charge region (depletion layer) we assume abrupt concentration distribution of dopants and sharp cutting of

the end of depletion layer. Then

{q =—eNs (~w, <z<0), (6.18)

qg=¢eNp (0 <z <wy).

*1 Shockley wrote a patent on FET before BJT though many similar ideas had existed before that. We cannot say the patent is as unique as that of
BJT.
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Fig. 6.7 Simple model of a pn junction
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Let’s take the asymptotic condition as ¢(—oo) = 0. When there is external reverse bias voltage V/, the boundary condition

at the edges of depletion layer is

dg
¢(_wp) - 07 % w - Oa 1o
i 1
dlwp) =V +W ) _ o
n) — bi dz - -
Integration of the above gives

Na/2 2 —w, <z <

o(x) = (aeNa/2)(x + wy) , (—wp <2 <0), (6.20)
V 4+ Vbi — (aeNp/2)(x —wy,)? (0 <z < wy,).

From the condition for the connection at x = 0

i, 0= lim, o

i (do/dw) = lim (d/dx), 6.21)

lim
x——+0

the widths of depletion layer w,, w,, are given as follows.

. — 2e0e(V + Vi) ~__Np /2 w. — 260€(V + Vii) o Na i (6.22)
p eNy Np + Ng o eNp Np + Na .
2%0e(V + Vi) Na-+Npl'?
Wy = wy + w, = [ oe( - bi) ;@ANDD} . (6.23)

The charge accumulated in the depletion layer on n-side is Q = eNpwy per

unit area giving the effective capacitance (differential capacitance) as

dQ 2¢€€ 1 \/m —1/2
T _eN — V o+ Vi)~ 2. 6.24
av PN Ny 2 T (V) 6.24)

In a p*n-structure, that is, No > Np,

1/C?

N 2660(V + Vbi) 1/2
b R |— R Wy, 6.25
A N N V wd l: eN, D w ( )
N A -
Vb' g This means the depletion layer expands in proportional to the square root of the
1

reverse bias voltage plus the built-in potential.
This relationship is frequently used for characterization of pn-junctions. For
example, differential capacitance C'(V') can be measured with applying high frequency voltage source with a small
amplitude and through the phase shift. We plot the data as shown in the left figure (for the convenience, the horizontal

axis is taken to —V'), 1/C? versus — V. If Np is spatially uniform, the data points should be aligned on a line. (6.24) is
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valid only for V' > 0 and C' — oo cannot be realized. But with extrapolation from V' > 0 the point 1/C? = 0 can be
specified and we obtain V},; from this.

When Np is not uniform spatially or some deep level traps exist, we obtain information of the spatial distribution from
differentiating the plot. Application of pulses in V" and analysis of transient response under light illumination or related

techniques can bring much of the information inside the semiconductor[4].

I 6.3.2 Junction Field Effect Transistors

Figure 6.8 shows a schematic drawing of the JFET structure in a cross sectional view. It is for an n-channel, which has
two electrodes on the both edges. They are called Source (S) and Drain (D) respectively. The channel is sandwiched by
pt layers called Gates (G).

The principle of device action is very simple as can be seen in Fig. 6.8. Applying reverse bias to the gates causes
expansion of white-colored depletion layer according to eq.(6.23). This makes the conduction channel narrower and
enhances the channel resistance up to infinity for pinch-off. Thus the current through the device is controlled by the gate
voltage. This is apparently a voltage-controlled device and the input impedance is typically resistance of pn-junction in
reverse bias condition. So it is classified into high input impedance device.

A characteristic feature here is that a large source-drain current causes a significant voltage drop across the device,
resulting in gradient of effective reverse bias voltage for the channel-controlling depletion layer. Let us see a simple
model. As before in the model for pn-junctions, we assume the boundaries between depletion layers and conduction

channel are abrupt. Let the gate length L, the thickness of JFET 2w;. We take the channel direction along y-axis. The

[2¢e0V
waly) = 762%@) : (6.26)

where V' (y) is local voltage at position y between the channel and the gate. V' (y) can be obtained by subtracting voltage

depletion layer with wy is

along the channel V¢, due to the source-drain current from the sum of the built-in potential V4,; and the reverse bias gate

voltage V.
V(y) = Ve + Voi = Ven(y)-

We have no injection of minority carrier and only consider the drift current of majority carriers. The electric field along

y-direction is dV/dy. Let the channel depth W and the drift current through the channel is

d
Jen = eND,und—Z < 2(wy —wq)W. 6.27)

| , ' ' °l
________ ] 1
S | n . D —| n trmmmmes I (—}>| g}—|
(source)l| ________ (drain) r | _I _I
[ 3 L ! S S
P Pl 3y n-channel p-channel
G (gate)
<~ L —> Fig. 6.8  Schematic structure of JFET (n-channel) (upper left panel). A
1 } cross-sectional view. The easiest way to form the p™-layer is alloying the
- - _de(y),l metal, which can work as acceptor inside the semiconductor. The picture
0 I T > 2 W, in the center shows the way the depletion layer expand (white region) with
_____ - - *\ application of reverse bias to the gates. The upper left shows circuit sym-
'/ | bols. The (lower) left shows the dimensions of the model adopted in the
SN\ g text.
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In steady state there is no charging up and .J;, is uniform through the channel thus integration over the channel should
be JChL.

L L dv Vi wy
JanL = / Jendy = QeND,unW/ (wy — wy)——dy = 2weNpu, W (1 — > dV. (6.28)
0 0 dy Vo Wy

Let the critical voltage V, at which the channel is pinched (wgq = wy) and J.;, = 0 then V, = eN Dwt2 /2eeq. Hence from
wq/wy = \/V/Ve, Jen in this model is obtained as

2Npep, Ww,

Jch = I

{VL —Vo+ (V(Vp)®/? - V(VL>3/Q>] : (6.29)

2
3VVe

In eq.(6.29), at small voltages, the first linear term in V7, is dominant and J, increases linearly. With increasing the
voltage, the last VL3 /% term grows and at last the current begins decreasing, which means negative differential resistance.
In actual device, this does not occur and J.,, simply saturates with increasing V. The model contains various shortages,
e.g., the equipotential lines are straight and along z-axis. Improved models can reproduce the saturation but they are
inevitably complicated. There are also empirical analytical formulas well fit to the experiments but they have no physical

reasoning.

Appendix 6A: Analysis of pn junction transistor

Let us have a brief look at the simplest analysis of charrier statistics in bipolar transistors.

I 6A.1 Current-voltage characteristics

Figure 6A.1 illustrates the bias conditions and the carrier concentrations in an npn-type transistor. We take the z-axis
along the device current direction, and the depletion layer edge at the emitter side of the base is set to x = 0. The electron

(minority carrier) concentration at x = 0 is
GVBE

kgT

np(0) = npo exp (6A.1)

They diffuse the base region and reach the depletion edge at the other side + = Wgy. From there the electrons are
immediately swept out to the collector by the electric field in the depletion layer. Hence the electron concentration in the

vicinity of Wy should be very small.
7€VBC

knT

n,(Wg) = nyo exp ~ 0. (6A.2)

Providing that Wy is much shorter than the minority carrier diffusion length, we can ignore the carrier recombination and

the diffusion current in the base is constant. Equation (5.12) tells the current is proportional to dn,, /dx. Hence n,, varies

emitter base collector

emitter base collector i log n,p, A linearnp ;IOg”’p Noc
_— : ‘
Pp(x) 3 :

n p n

| n(x) | |
: \ : Poc
VBE Vic 3 N

(a) (b) depletion 0 Wy depletion

\ 4

Fig. 6A.1 (a) Biasing condition of the npn transistor under consideration. (b) Schematic diagram of carrier concen-

trations in a npn type transistor. In the base the ordinate is in linear scale while logarithmic in other regions.
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Fig. 6A.2 Characteristics of transistor 2SC1815 for small signal amplification (from the datasheet). Left panel:
Collector-emitter voltage Vcr dependence of collector current J¢ for various base current Jg.

linearly against z as illustrated in the figure (the concentration is in the linear scale only in the base region). Hence from

(6A.2) the diffusion current density in the base is

. dn n,(0
JDe = —Ded—; ~eD, IZEB)' (6A.3)

This is the major part of the collector current and the collector current is with A as the cross setion of the device,

n,(0)
Jo =eAD, 2L, 6A.4
f W ( )
From the semiconductor equation 7,9 ~ nf /Na,
eAD.n,g eVer  eAD.n? eVBy eVir
Jo = P = L = J . 6A.5
© Ws P T~ WeNa P kT S T (6A-5)

Jg = eADem2 /Wp N, is the coefficient which is inversely proportional to W Na.
On the other hand, the base — emitter is in forward biasing condiction while base — collector is reverse biased.
Hence most of the base current flows to the emitter, which is determined by the hole diffution current in the emitter. The

calcution is along the same line as the above collector current and the diffusion part of the base current is

eADy, eVeg _ eADy n? eVBE

. — . 6A.6
I DPnE0 €XP kel L. Np exp kel ( )

In the base, minority carrier concentration is enhanced and the recombination current may give some contribution. The
total charge of the minority carriers is Qe = —en,(0)WgA/2. Let 7, be the minority carrier life time and the recombi-

nation current is
Qe enp(O)AWB GVBE
exp

Jpr = =% = . 6A.7
B Ty QTb kBT ( )
Therefore the base current is written as the sum of the above as
Dy, n?  n,oWs eVBE
Jg=eA | —- 4 . 6A.8
B € <Lh ND + 2’7’b oxp kBT ( )

Then from (6A.5) and (6A.8), the current gain is obtained as

DpWg Ny W2\ '
hrp = [ 2 B A . 6A.9
FE (De In No | 2nD. (6A.9)
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I 6A.2 Effect of depletion layer width

Figure 6A.2 shows the characteristics of a transistor numbered 2SC1815 (Toshiba, Co. Ltd.). The right panel shows
hrg as a function of J¢. hpg is almost constant in the low J¢ region indicating good linearity. On the other hand, the left
panel shows J¢ as a functionof Vg with Jp as a parameter. In this panel, in the region Vg = 0, the base-collector is
forward biased and not in the region of current amplification. Even in the current amplificatio region, J¢ increases with
V. This is called the Early effect caused by the widening of the depletion layer thus by the thinning of the base width
Wg.

Let AW be the variation in the width of base width and the collector current is given as

ny(0) ny(0) [ AW AW
= ADepi ~ eAD, P 1+— ) = 1+——). A.l
Jo=e W — AW e W + W Jco + W 6 0)

AW grows rapidly with Vg as in (6.23) when Vg is small while the rate lowers with Veg. In Fig. 6A.2, such tendency

is apparent. In Fig. 6.5(b), the Early effect is small and the increase in Jc can be approximated to be linear in Vcg.

{148% 6B : Deep level transient spectroscopy (DLTS)

Here I would like to give qualitative explanation on the basic principles of Deep Level Transient Spectroscopy (DLTS).
For details, see e.g. ref. [4]. We consider modification to effective capacitance (6.24), which depends on the reverse bias
voltage V. Let Np be the shallow donor concentration, Np the one for a deep donor. In the region where this deep donor
responds to change in the bias voltage, the voltage-differential capacitance is expressed as a function of reverse voltage
V as

_ [2ee0(V + Wiy) 12 N
wq (V) =~ [M] R Wh, (6B.1)
Cvy = )N+ Ne) () a2, (6B.2)

2

For simplicity, we consider the situation that the reverse bias V), is applied and kept for sufficiently long time for electrons
to escape from the depletion layer including the deep levels *2. Now V is abruptly lowered to V < Vp and the carriers are
captured by the donor levels within w(Vp) < = < w(V},). Shallow donors have high capture rate and can respond within
ms without delay, deep levels, on the other hand, the capture rate strongly depends on temperature and with decreasing
temperature, the average time for capture often elongates from ms to s, min, hour and sometimes day. Then if we open up
a fixed time window and observe the time evolution of C, the time dependence is observed in the time window at some
temperature range and in low or high temperature regions the effect of deep levels does not observed.

Such a process is illustrated in Fig. 6B.1(a). We take ¢ = 0 at the time the reverse bias is changed:V,, — Vj and
measure the difference in the differential capacitances at ¢; and t2: AC = |C(t1) — C(t2)| as a function of temperature
T.

We now assume existence of two species of deep donors, which have temperature dependent capture cross sections
shown in the upper panel of Fig. 6B.1(b). AC should show two peaks in the temperature dependence. Analysis of the

data gives the concentration and capture cross section of each deep level, and combination with photo-response, in some

*2 At low temperatures the capture/emission rates of deep levels become very small and it is not rare that we need days for the emission. So this
condition is, in general, hard to be fulfilled. But the consideration of this does not give significant change and thus we adopt the assumption.
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Fig. 6B.1 (a) Upper panel: Illustration that the change in the reverse bias V,, — V,, makes shallow levels and a part
of deep levels ready for catching carriers. Lower panel: With progress in capture of carriers, differential capacitance
C(V') shows transient response. (b) Upper panel: two deep levels exist and assumed temperature dependences of
the capture cross section o are illustrated. Lower panel: shows how the DLTS signal appears from the temperature

dependence o (T).

cases identification of deep levels or at least energy positions can be measured[4]. With variation of Vj and V), depth

profile of deep levels can be obtained also.
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