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Most, if not all, semiconductor lasers manufactured today, which are key 

components in consumer items such as CD-ROMs and laser printers, are of 

the quantum well type. What gives these lasers their unequivocal 

superiorities? Is quantum confinement solely responsible? 

This article discusses some of these issues, 

and where the future may lie. 

Semiconductor lasers today are as ubiquitous as 
any other electronic component ever manufac
tured. Not only are they vital components of the 
telecommunications infrastructure, they have 

made their way into just about every home as key parts 
in consumer items such as CD players, CD-ROMs, and 
laser printers. Few people realize that not only do they 
own a semiconductor laser, they actually own a "quan
tum well laser." The fact that the majority, if not all, of 
semiconductor lasers produced today are of the "quan
tum well" category, testifies to their unchallenged 
advantages in performance. This has led to their adop
tion as a standard technology. 

As the name implies, quantum confinement of elec
trons and holes plays a significant role in the operation 
of quantum well lasers. While it is natural to associate 
the superb performance of these lasers with quantum 
confinement effects, this association is true in some 
respects but not in others. In fact, the most obvious 
superiority of quantum well lasers over their non-quan
tum counterparts—the order-of-magnitude reduction in 
lasing threshold current—arises from factors that are 
categorically non-quantum in nature. Advantages in 
dynamic effects, on the other hand, can be traced to 
modifications in band structure due to quantum con
finement. 

In semiconductor lasers, quantum confinement 
occurs when the active region thickness is reduced from 
the 1000 Å range, as in conventional lasers, to the 100 Å 
range (see Fig. 1).1 The most pronounced consequence 
is a dramatic drop in the lasing threshold current, by 
approximately one order of magnitude. A casual observ
er may note this coincidental order-of-magnitude drop 
in lasing threshold when the active region thickness is 
reduced by the same amount, and thus may suspect that 
the reduction is a simple physical scaling effect and does 
not involve quantum confinement. While this is true, 
precisely how it manifests itself cannot be understood 
without considering the condition at which the semi
conductor medium becomes optically transparent. 

The "transparency electronic density" is the density 
that needs to be maintained in order for the material to 
have neither gain nor loss. This density is determined by 
the band structure and state occupancy of the conduc
tion and valence bands near the band-edge. In conven
tional bulk semiconductor lasers, this density consti
tutes a major portion of the total electron density 

needed for lasing. It turns out that quantum confine
ment does not significantly change the transparency 
electron density for well widths above 100 Å, and actu
ally increases for tighter confinements in narrower 
wells. However, since the actual volume of the quantum 
well is an order of magnitude smaller than that of con
ventional laser diodes, the total number of electrons 
(and hence the injection current) needed to maintain 
transparency is correspondingly lowered by an order of 
magnitude. The dramatic drop in threshold current of 
quantum well lasers is primarily due to a reduction in 
the total number of electrons needed to maintain opti
cal transparency in the quantum well. This number 
scales approximately linearly with well thickness for well 
widths ≥100 Å. This is basically not a manifestation of 
quantum-confined effects. 

Effects of quantum-confinement 
Effects manifested by quantum-confinement turn out to 
produce positive and negative consequences. Two of the 
most important effects are the elimination of electronic 
states at low energies (near the bandgap) and a flatten
ing of the density of states function for electron and 
hole occupation (see Fig. 2, p. 28). These arise from the 
fact that whereas electrons in a bulk medium can move 
around freely in three dimensions, electrons in a quan-

Figure 1. Semiconductor laser diode. When the size of the active layer is shrunk to 
dimensions comparable to that of the electron wavelength, quantum confinement 
becomes an important effect. The device is categorized as a "quantum well laser." 
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turn well are confined to free movement in only two 
dimensions, thus reducing the number of momentum 
states available for electron occupancy. This elimination 
of low energy states is positive because those states are 
not involved in lasing transitions and the filling of those 
states constitutes waste. When these "wasted states" are 
eliminated, optical gain increases very rapidly with elec
tron density. The high "differential gain" thus achieved 
has direct bearing on the high-modulation speed and 
low-frequency chirp of quantum well lasers. On the 
negative side, the flattening of the density of states 

means fewer electrons are available for producing opti
cal gain at a given transition energy, limiting the maxi
mum optical gain available from a single quantum well. 
To overcome this problem, more than one quantum 
well is often placed in the active region of the laser, 
thereby supplying enough gain to overcome cavity loss. 
However, since each additional well demands extra 
injection current to maintain electron transparency in 
all the wells, this design increases overhead. 

A quantum well laser design 
With this understanding, one can set out to design a 
laser with the lowest possible lasing threshold, taking 
advantage of the benefits offered by the small size of the 
quantum well and the rapid buildup of gain at low 
injection, while avoiding the disadvantage of a limited 
gain available from the well due to, ironically, the same 
quantum confinement effects. The idea is simple: Using 
only a single quantum well, create a laser with the small
est possible lasing volume in all dimensions, with a laser 
cavity of the highest possible Q. The former criteria 
reduces the transparency electrons to an absolute mini
mum, the latter is necessitated by the small gain avail
able from a single quantum well. 

Such a laser was built using the edge-emitting for
mat, where the cavity length was a short 120 μm and the 
end facet reflectivities were above 90%.2 A common 
problem of constructing lasers with high mirror reflec
tivities is a decline in output efficiency since a substan
tial fraction of photons generated within the laser cavity 
are absorbed before they can escape through the end 
mirrors and become useful output power. However, this 

does not occur in quantum well lasers since the internal 
absorption loss of the laser is very low because of the 
low electron density inside the active region. The result 
is a laser with a lasing threshold of only 0.5 mA, with 
almost no sacrifice in the output efficiency (see Fig. 3). 

Using the same line of reasoning, a logical way to 
build lasers with an even lower threshold—in the 
microampere range—is to further shorten the cavity 
and increase mirror reflectivity. Technical reasons make 
this difficult to do using the edge-emitting design. 
However, vertical-cavity surface emitting laser (VCSEL) 
designs,3 which have undergone phenomenal progress 
in the last decade, are an ideal vehicle for achieving the 
goal of ultimate low-threshold (see Fig. 4). By building 
the lasing cavity in the vertical direction, the cavity can 
be made extremely short. The mirrors, consisting of 
multilayer stacks with reflectivities above 0.99, can be 
built by the same precise growth process that creates the 
quantum well active region. Thus, the vertical cavity 
design embodies every prescription for attaining the 
ultimate low threshold laser. The lowest threshold laser 
reported to date, at room temperature, is a VCSEL with 
a threshold of < 100 μA.4 

A very significant aspect of quantum well lasers is the 
discovery that, given the very thin active region—con
sisting only of a few atomic layers—one can purposely 
introduce strain into the quantum well layer by mis
matching the lattice of the layer against that of the sub
strate. This does not induce defects or other ill-effects.1 

In fact, contrary to knowledge acquired in experience 
with laser diodes, the reliability of strained quantum 
well lasers actually improves relative to reliability of 

Figure 2. The solid lines illustrate the density of states function of 
electrons in a quantum well. The dashed lines show the corresponding 
density of states in a bulk medium. The number of available states is 
reduced in general. Of particular significance is the elimination of 
states near the band edge, which leads to a high differential gain. 

Figure 3. The drastic reduction in lasing threshold as mirror reflec
tivities are increased for a single quantum well laser, points to the 
proper design methodology for achieving the ultimate ultra-low-
threshold laser. 
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unstrained lasers. This comes as a most welcomed bene
fit on top of the original intention for introducing strain, 
namely to symmetrize the valence and conduction bands 
so that the electron mass and the (light) hole mass (the 
latter being an order of magnitude larger than the for
mer in unstrained semiconductors) are now approxi
mately identical under strain. Further consequences of 
strain include a drop in the transparency electron densi
ty and an increase in the differential gain, even though 
the gain-saturation limitation remains. According to the 
recipe described above, these are not serious issues in 
building low threshold, highly efficient lasers. 

With all the proven benefits of shrinking the active 
region in one dimension, further benefits may be expect
ed by shrinking in other dimensions, eventually resulting 
in quantum wires and quantum dots.1 Simple scaling 
considerations put the threshold currents of these devices 
in the microampere range, which alone is sufficient 
incentive for active pursuit of their realization, technolog
ical difficulties notwithstanding. Quantum-confinement 
effects will lead to an order of magnitude increase in the 
differential gain, promising laser modulation bandwidths 
in the 100 GHz range. However, the gain saturation limi
tation that besets quantum well lasers, as discussed above, 
will become even more severe in quantum wire and dot 
lasers. With diminished gain available from a single wire 
or dot, there is no choice but to incorporate multitudes of 
these wires and dots into the active region of the laser. 
Here, the technological difficulties of constructing these 
structures with sufficient uniformity threaten to negate 
the benefit of a high differential gain. Different size wires 
and dots introduce inhomogeneous broadening of the 
gain and effectively reduce it. Thus, the ultrahigh modu
lation bandwidth may not be realizable. The ultralow 
threshold, on the other hand, is non-quantum in origin 
and not affected by these difficulties. 

The future 
Although the pursuit of ultimates is almost always a 
noble cause, from a practical standpoint one may ques
tion the significance of pursuing microampere thresh
old lasers given that sub-milliampere threshold lasers 
have already been achieved. These threshold currents 
are already small compared to the drive current above 
threshold needed to generate the optical power—a few 
milliwatts—typically required for most applications 
including telecommunications, CD-reading, and laser 
printing. 

I cannot make a case for CD-reading and laser print
ing functions where the laser is operated in CW mode or 
at a very slow modulation speed; for those applications, 
submilliampere thresholds is more than good enough. 
But I can make a case for low-power, high-speed optical 
interconnect applications that are becoming increasingly 
prevalent in the computer industry. These applications 
demand optical transmission links that operate on a 
simple, robust modulation format, with equally simple, 
robust drive circuitry that does no more than simply 
turning a light bulb on and off, albeit at gigahertz rates. 
There will be no precise control of the amplitude of 

modulation pulses, no monitoring and stabilization of 
the bias current, as required in common laser diode 
transmitters. Above all, the power consumption of the 
transmitter, including the laser itself and the circuitry 
used to drive it, must be kept to an absolute minimum. 

A modulation format that fulfills the above require
ments is the "zero-bias" modulation (see Fig. 5). An 
intrinsic problem associated with this format is a timing 
jitter in the onset of the optical pulses, leading to 
increased bit error rate (BER). The amount of penalty 
depends on the ratio of the drive current pulse ampli
tude to the threshold current of the laser. For example, 
at 1 Gb/sec, this ratio needs to be above 5 in order to 
maintain the BER below 10-9. Unless the lasing thresh
old is kept very low, not only will the power consump
tion of the laser become excessive, but additional power 
penalties will be incurred due to the need for drive cir-

Figure 4 . The V C S E L e m b o d i e s every des ign principle for achieving ultralow lasing 
t h r e s h o l d — s m a l l active volume and very high mirror reflectivities. 

Figure 5. Zero-bias modulat ion format for optical interconnects leads to ultralow 
power t ransmiss ion links when ultralow threshold quantum well lasers are 
employed . The method d o e s not apply easi ly to lasers with thresholds above 1 mA. 
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cuitries that can deliver high currents at high speed. 
With lasing thresholds in the submilliampere range, it 
becomes possible to use power-efficient CMOS circuit 
drivers to operate the laser in the gigabit per sec range 
under zero-bias format, in place of power-consumptive 
bipolar circuits that are in use almost universally today. 
Experiments have shown that at 1 Gb/sec, a 0.5 mA 
threshold laser consumes < 2 mW of electrical power, 
with the CMOS driver consuming another 1.5 mW for a 

total of 3.5 mW. If it becomes possible to produce quan
tum wire or dot lasers with lasing thresholds in the 10 
mA range, then it will be feasible to operate the laser at 
5 Gb/sec while consuming only 0.25 mW of electrical 
power—lower than the power required to drive stan
dard transmission lines even for very short interconnec
tion lengths.5 

Whether or not these exotic lower-dimensional quan
tum-confined lasers with microampere thresholds can 

become practical and manufacturable in the 
future, the quantum well laser has already 
established itself as the de facto semiconductor 
laser of today. While the low-threshold aspect 
of these lasers, which we discussed, does not 
seem to arise from quantum confinement 
effects, many superior dynamic aspects such as 
high- modulation bandwidth and low-fre
quency chirping, which we did not discuss, are 
direct consequences of quantum confinement. 
In principle, these improvements are very sub
stantial indeed, with predictions of modula
tion bandwidths approaching 100 GHz. Even
though some of these drastic improvements 
cannot be realized until issues such as quan
tum capture/transport and size uniformity are 
resolved, the fact remains that quantum well 
lasers today can easily achieve the kind of 
high-speed dynamic performances which are 
hard to come by with conventional bulk lasers. 
All in all, the advantages of quantum well 
lasers are as overwhelming as they are com
plete. 
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