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_ -1 junctions
5 |ductor (homojunctions) and junctions between a metal and g semiconductor,
The third important ¢]ass of junctions

consists of those between two lattice-
matched semiconductors with different band ear

2aps (heterojunctions). We dis-
Cussed lattice-matching imm

_ rface between two such
sémiconductors may be virtually free of defect

S, and continuous crystals con-
taining single or multiple heterojunctions can be formed. The availability of
heterojunct; ' ' '

mpound semiconductors opens a

formed within a single semicon-

. The discont_inu-
valence band AE, accommodate the

miconductors AE,. In an ideal case,

AE, would be the difference in electron affinities 9(X; —~ X1), and AE, would

be found from AE, — AE.. In practice,
perimentally for particular semiconductor pairs. For example, in the commonly
used system GaAs—-AlGaAs (see Figs. 3-6 and 3-13), the direct band gap dif-
ference AE, between the wider band gap AlGaAs and the narrower band gap
GaAs is apportioned approximately = in the conduction band and ; in the
valence band for the heterojunction.

The built-in contact potential is divided
between the two semiconductors

as required to align the Fermj levels at equi-

" Sl [ S A S ——

o




Figure 5-36
An ideal
heterojunction
between a p-type, ,L
wide band gap r
semiconductor and =~ |
an n-type narrower /i
band gap /]
semiconductor: |
(a) band diagrams }
before joining; !’
~ (b) band E
Vor _ £2laz. discontinuities and ;[

qVo = q(Vo; + Vo2)

Vor €1l band bending at
equilibrium. - o

)
| f

continuous electric flux density, €,%, = €,%, at the junction. The barrier that E
electrons must overcome in moving from the n side to the p side may be quite ;
different from the barrier for holes moving from p to n. The depletion region j
on each side is analogous to that described in Eq. (5-23), except that we must i
account for the different dielectric constants in-the two semiconductors. f

To draw the band diagram for a heterojunction accurately, we must not :
only use the proper values for the band discontinuities but also account for the | i
band bending in the junction. To do this, we must solve Poisson’s equation i
across the heterojunction, taking into account the details of doping and space _ !
charge, which generally requires a computer solution. We can, however, sketch i
an approximate diagram without a detailed calculation. Given the experimental

band offsets AE, and AE., we can proceed as follows: | | H

- 1. Align the Fermi level with P — It
the two semiconductor - a"§
bands separated. Leave Ec b
space for the transition B s ety H
region. :!i

Ey e




The laser became an important part of semiconductor device technology in 1962
when the first p-n junction lasers were built in GaAs (in:1f1~.:am=:d)4r and GaAsP
(visible).” We have already discussed the incoherent light emission from p-n
junctions (LEDs), generated by the spontaneous recombination of electrons
and holes injected across the junction. In this section we shall concentrate on.
the requirements for population inversion due to these Injected carriers and the
nature of the coherent light from p-n junction lasers. These devices differ from
the solid, gas, and liquid lasers discussed previously in several important re-
spects. Junction lasers are remarkably small (typically on the order of
0.1 X 0.1 X 0.3 mm), they exhibit high efficiency, and the laser output is
easily modulated by controlling the junction current. Semiconductor lasers op-
erate at low power compared, for example, with ruby-or CO, lasers; on the
other hand, these junction lasers compete with He—Ne lasers in power output.

Thus the function of the semiconductor laser is to provide a portable and easily
controlled source of low-power coherent radiation, They are particularly suit-
able Tor fiber optic communication systéms (Section 6.4.2).
ool g g M I

10.4.1 Population Inversion at a Junction ,
If a p-n junction is formed between degenerate materials, the bands under for-

ward bias appear as shown in Fig. T0-IT. If the bias (and thus the current) is

large enough, electrons and holes are injected into and across the transition re-

gion in considerable concentrations. As a result, the region about the junction .

1s far from being depleted of carriers. This region contains a large concentra-
tion of electrons within the conduction band and a large concentration of holes

within the valence band. If these population densities are high enough, a con-

_— — _——'—'—'—-‘.___“

SEMICONDUCTOR
LASERS
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Figure 10-11 /
Band diagram of a %
p-n junction laser /
under forward bias. /

The cross-hatched E, / _

region indicates the '?/4
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Inversion region at
the junction.
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 dition of population inversion results, and the region about the junction over
which it occurs is called an inversion re gzan
Population inversion at a junction is best described by the use of the con-
cept of quasi-Fermi levels (Section 4.3.3). Since the forward-biased condition
of Fig. 10-11 is a distinctly nonequilibrium state, the equilibrium equations
defining the Fermi level are not applicable. In particular, the concentration of
electrons in the inversion region (and for several diffusion lengths into-the
p material) 1s larger than equ111br1um statistics would imply; the same is also
true for the injected holes in the n material. We can use Egs: (4- 15) to describe

the carrier concentrations in terms of the qua31-Ferm1 levels for electrons and
holes in steady state. Thus

- n=N e"(E_ Lagke ne{F' VAT - (10-72a)
p Ne—(F -E,,,mr =, e(E-F VAT i 4 (10-7b)

Using Egs. (10-7a) and (10-7b), we can draw F, and F, on any band dia-
gram for which we know the electron and hole dlstnbutlons For example, in

Fig. 10-12, F, in the neutral n region is essentially the same as the equilibrium
Fermu level E,. This is true to the extent that the electron concentration on the
n side 1s equal to its equilibrium value. However, since large numbers of elec-
trons are injected across the junction, the electron concentration begins at a

!
r

Figure 10-12
Quasi-Fermi levels
in a laser junction

under forward bias.

E,

-fThis__is a different meaning of the term from that used in reference to MOS transis-

tors.
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high value near the junction and decays exponentially to its equilibrium value
n, deep in the p material. Therefore, F, drops from EF,, as shown in Fig. 10-12.

We notice that, deep in the neutral regions, the qua51 -Fermi levels are essen-
tially equal. The separation of F, and F, at any point is a measure of the depar-
ture from equilibrium at that point, Obviously, this departure 1s considerable in

the inversion region, since F, and F, are separated by an energy gxeater than

the band gap (Fig. 10-13).

Uniike the case of the two-level systém discussed in Section 10.1, the con-
dition for population inversion in semiconductors must take into account the
distribution of énergies available for transitions between the bands. The basic
definition of population inversion holds— for dominance of stimulated emis-
sion between two energy levels separated by energy v, the electron population
of the upper level must be greater than that of the lower level. The unusual as-
pect of a semiconductor is that bands of levels are available for such transi-
tions. Population inversion obviously exists for transitions between the bottom
of the conduction band E. and the top of the valence band E, in Fig. 10-13. In
fact, transitions between levels in the conduction band up to F, and levels in

~ the valence band down to F, take place under conditions of population inver-

sion. For any given transition energy hv in a semiconductor, pOle]aHOﬂ in-
version exists when

(F,—F)>hv (10-8a)

For band-to-band transmons the minimum requirement for population in-
version occurs for photons w1th w=E -E=E_
o (F,— F)>E, (10-8b)

‘When F, and F, lie within their respective bands (as in Fig. 10-13), stimulated

emission can dommate over a range of transitions, from hv = (F, — F ,) to
hv = E,. As we shall see below, the dominant transitions for laser action are
determmed largely by the resonant cavity and the strong recombination radia-
tion occurring near hv = E,.

In choosing a_material LQI'__]_nctIOJ]JﬂSﬂLfah[lﬁa!JOIl,_lLlS_n@&Sny that
elmw directly, rather than through trapping pro-
cesses such as are dominant in Si or Ge. Gallium arsenide is an example of
such a “direct” semiconductor. Furthermore, we must be able to dope the ma-

terial/n- type or p-type to form a Juncuon If an appropriate resonant cavity can
‘—-—W

Figure 10-13

Expanded view of
the inversion

region.
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be constructed in the junction region, a laser results in which population inver-
sion is accomplished by the bias current applied to the junction (Fig. 10-14).

Figure 10-14
Variation of
inversion region
width with forward
bias: V(a) < V(b).

10.4.2 Emission Spectra for p-n Junction Lasers

Under forward bias, an inversion layer can be obtained along the plane of the
junction, where a large population of electrons exists at the same location as a
large hole population. A second look at Fig. 10-13 indicates that spontaneous
emission of photons can occur due to direct recombination of electrons and
holes, releasing energies ranging from approximately F, — F, to E,. That 1s,
an electron can recombine over an energy from F, to F,, yielding a photon of
energy hv = F, — F,, or an electron can recombine from the bottom of the
conduction band to the top of the valence band, releasing a photon with hv =

E. — E, = E,. These two energies serve as the approximate outs:de limits of
the laser spectra

The photon wavelengths Wthh participate in stimulated emission are de-
termined by the length of the resonant cavity as in Eq. (10-5). Figure 10-15
illustrates a typical plot of emission intensity vs. photon energy for a semi-
conductor laser. At low current levels (Fig. 10-15a), a spontaneous emission
spectrum containing energies in the range E, < hv < (F, — F)) is obtained.
As the current is increased to the point that significant population inversion ex-
ists, stimulated emission occurs at frequencies’ corresponding to the cavity
modes as shown in Fig. 10-15b. These modes correspond to successive num-
bers of integral half-wavelengths fitted within the cavity, as described by

2 2 2
= 2 o
8 4 L
o = =
hy
(a) (b) (c)

Figure 10-15  Light intensity vs. photon ener?y hv for a junction laser: (a) incoherent
emission below threshold; (b) laser modes at threshold; (c) dominant laser

mt))de (al:)oove threshold The mtensnty scales are greatly compressed from (a) to
to (c).
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Eq. (10-5). Finally, at a still higher current level, a most preferred mode or set
~ of modes will dominate the spectral output (Fig. 10-15c). This very-intense

mode represents the main laser output of the device; the output light will be
composed of almost monochromatic radiation superimposed on a relatively
weak radiation background, due primarily to spontaneous emission.

The separation of the modes in Fig. 10-15b is complicated by the fact that

the index of refraction n for GaAs depends on wavelength A. From Eq. (10-5)
- we have - ' |

_2In
+'A.0

If m (the number of half-wavelengths in L) is large, we can.use the derivative
to find Its rate of change with A,;

(10-9)

— == ' 10-10
T A Wy S

Now reverting to discrete changes in m and \,, we can write
A2 Ao dn ™! .
—A\y = =2 (1 — Lo 4R 10-11
A\, 2Ln(l nd)uo) Am (10-11)

If we let Am = —1, we can calculate the change in wavelength A\, between
- adjacent modes (i.e., between modes m and m — ). '

10.4.3 The Basic Semiconductor Laser

To build a p-n junction laser, we need to form a junction in a highly do@,‘ di-

rect semiconductor (GaAs, for example), construct’a resonant cavity in the
proper geomeirical relationship to the junction, and make contact to the j
tion in a mounting which allows for efficient heat transfer A simple fabrica-
tion technique is outlined in Fig. 10-16. Beginning with a degenerate n-type
sample, a p region is formed on one side, for example by diffusing Zn into the

Figure 10-16



Figure 10-17

Use.of a single
heterojunction for

carrier confinement

in laser diodes:

(a) AlGaAs
heterojunction

grown on the thin
p-type GaAs layer;
(b) band diagrams
“for the structure
of (a), showing
confinement of
‘electrons to the
thin p region
under bias.

n-type' QaAs. Since Zn is in column II of the periodic table and is introduced
subst_ltutlonally on Ga sites, it serves as an acceptor in GaAs; therefore, the
heavily doped Zn diffused layer forms a p* region (Fig. 10-16b). At this point

‘'we have a large-area planar p-n junction. Next, grooves are cut or etched along

the length of the sample as in Fig. 10-16c, leaving a series of long p regions
isolated from each other. These p-n junctions can be cut or broken apart
(Fig. 10-16d) and then cleaved into devices of the desired length.

At this point in the fabrication process, the very important requirement of
a resonant cavity must be considered. It is necessary that the front and back

1S NECesss
- heterojuncti sers, can be made to operate kcontinugpsli at room tempera-
Tare to satisfy the requirements of optical communications. An example of a
‘heterojunction laser is shown in Fig. 10-17. In this structure the injected carri-

faces (Fig. 10-16¢) be flat and parallel. This can be accomplished by cleaving.

If the sample has been oriented so that the long junctions of Fig. 10-16d are

perpendicular to a ‘crystal plane of the material, it is possible to cleave the
sample along this plane into laser devices, letting the crystal structure itself
provide the parallel faces. The device is then mounted on a suitable header,
and contact is made to the p region. Various techniques are used to provide
adequate heat sinking of the device for large forward current levels.

= l—

SN §

10.4.4 Heterojunction Lasers

The device described above was the first type used in the early development of
semiconductor lasers. Since the device contains only one junction in a single

type of material, it is referred to as a homojunction laser. To obtain more effi-
cient lasers, and particularly to build lasers that operate at room temperature, it
to use multiple layers in the laser structure. Such devices, called

ers are confined to a narrow region so that population inversion can be built up

&
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at lower current levels. The result is a lowering of the threshold current at
which laser action begins. Carrier confinement is obtained in this single-
heterojunction laser by the layer of AlGaAs grown epitaxially on the GaAs.

~ In GaAs the laser action occurs primarily on the p side of the junction due
to a higher efficiency for electron injection than for hole injection. In a normal
p-n junction the injected electrons diffuse into the p material such that popula-
tioﬁ inversion occurs for only part of the electron distribution near the junction.
However, if the p material is narrow and terminated in a barrier, the injected
electrons can be confined near the junction. In Fig. 10-17a, an epitaxial layer
of p-type AlGaAs (E, = 2 eV) is grown on top of the thin p-type GaAs region.
The wider band gap of AlGaAs effectively terminates the p-type GaAs layer,
since injected electrons do not surmount the barrier at the GaAs-AlGaAs het-
erojunction (Fig. 10-17b). As-a result of the confinement of injected electrons,
laser action begins at a substantially lower current than for simple p-n jurc-
tions. In addition to the effects of carrier confinement, the change of refractive
index at the heterojunction provides a waveguide effect for optical confinement

of the photons. _ _ . | |
“A further improvement can be obtained by sandwiching the active (GaAs
layer between two AlGaAs layers (Fig. 10-18). This double-heterojunction
structure further confines injected carriers to the active region, and the change
in refractive index at the GaAs—AlGaAs boundaries helps to confine the gener-
ated light waves. In the double-heterojunction laser shown in Fig. 10-18b the
1injected current is restricted to a narrow stripe along the lasing direction, to re-

Active layer
Proton stripe
bombarded

region

p GaAs
p AlGaAs
p GaAs
n AlGaAs

n GaAs
substrate

(@ ¥

A double-heterojunction laser structure: (a) multiple layers used to confine Figure 10-18
injected carriers and provide waveguiding for the light; (b) a stripe geometry

designed to restrict the current injection to a narrow stripe along the lasing

direction. One of many methods for obtaining the stripe geometry, this

example is obtained by proton bombardment of the shaded regions in (b),
. which converts the GaAs and AlGaAs to semi-insulating form. '
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@82 Indirect Recombination; Trapping

In column IV semiconductors and in certain compounds, the probability of di-
rect electron-hole recombination is very small (Appendix III). There is some
band gap light given off by materials such as Si and Ge during recombination,
but this radiation is very weak and may be detected only by sensitive equip-
ment. The vast majority of the recombination events in indirect materials occur
via recombination levels within the band gép, alﬁmy
Rmsm}wghrm&ﬂ p to the lattice as heat rather than by
\g’the emission of photons. Any impurity or lattice defect can serve as a recombi-

-5 Dation center if it is capable of receiving a carrier of one type and subsequently

NN
M&V“? & capturing the opposite type of carrier, thereby annihilating the pair. For ex-

b

AP librium and therefore is substantially filled with electrons. When excess
electrons and holes are created in this material, each EHP recombines at E, in
two steps: (a) hole capture and (b) electron capture.

Since the recombination centers in Fig. 4-8 are filled at equilibrium, the
first event in the recombination process is hole capture. It is important to note
that this event is equivalent to an electron at E, falling to the valence band,

~ leaving behind an empty state in the recombination level. Thus in hole capture,

gn__ergl_i_s_gi_ven up as heat to the lattice. Similarly, energy 1s given up when a
conduction band electron subsequently falls to the empty state in E,. When
both of these events have occurred, the recombination center is back to its

original state (filled with an electron), but an EHP is missing. Thus one EHP

recombination has taken place, and the center is ready to participate in another
recombination event by capturing a hole. -

-

Figure 4-8

Capture processes
at a recombination
level: (a) hole

C &
eledyow”

G ~ample, Fig. 4-8 illustrates a recombination level E, which is below E; at equi-

capture at a filled ‘Y
recombination =
center; (b) electron '"3‘3
Capture at an empty Q¢ *
center. ~ 'l wr’bf
T
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The carrier lifetime resulting from indirect recombination is somewhat
more complicated than is the case for direct recombination, since it is neces-

sary to account for unequal times required for capturing each type of carrier. In
particular, recombination is often delayed by the tendency for a captured car-

rier to be thermally reexcited to its original band before capture of the opposite
type of carrier can occur (Section 4.2.1). For example, if electron capture

(b) does not follow immediately after hole capture (a) in Fig. 4-8, the hole may
be thermally reexcited to the valence band.-Energy is required for this process,
which is equivalent to a valence band electron being raised to the empty state
in the recombination level. This process delays the recombination, since the
hole must be captured again before recombination can be completed.

When a carrier is trapped temporarily at a center and then is reexcited

without recombination taking place, the process is often called temporary frap-
ping. Although the nomenclature varies somewhat, it is common fo refer fo an

Tmpurity or defect center as a trapping center (or simply frap) if, after capture
“of one type of carrier, the most probable next event is reexcitation. If the most
probable next event is capture of the opposite type of carrier, the center 1s pre-

dominately a recombination center. The recombination can be slow or fast, de-
pending on the average time the first carrier is held before the second carrier 1S

captured. In general, trapping levels located deep in the band gap are slower in
releasing trapped carriers than are the levels located near f the bands.

ot " o g o
This results from the fact mergy is required, for example, to reexcite
a trapped electron irom a center near the middle of the gap to the conduction

band than is required to reexcite an electron from a level closer to the conduc-
tion band.

As an example of impurity levels in semiconductors, Fig. 4-9 shows the
energy level positions of various impurities In Si. In this diagram a superscript
ndicates whether-the impurity is positive (donor) or negative (acceptor) when
ionized. Some impurities introduce multiple levels in the band gap; for ex-
ample, Zn introduces a level (Zn") located 0.31 eV above the valence band
and a second level (Zn®™) near the middle of the gap. Each Zn impurity atom is
capable of accepting two electrons from the semiconductor, one in the lower

level and then one in the upper level. _ _ |
The effects of recombination and trapping can be measured by a photocon-
ductive decay experiment. As Fig. 4-7 shows, a-population of excess electrons

~ and holes disappears with a decay constant characteristic of the particular re-

combination process. The conductivity of the sample during the decay 1s

o - af(t) = q[n(t)p, + Pk, (4-9)
wir . .

" Therefore, the time dependence of the carrier concentrations can be monitored
He by recording the sample resistance as a function of time. A typical experimen-
tal arrangement is shown schematically in Fig. 4-10. A source of short pulses

- of light is required, along with an oscilloscope: for displaying the sample volt-
age as the resistance varies. Microsecond light pulses can be obtained by peri-

" _ywedically discharging a capacitor through a flash tube containing a gas such as




