Heduction of the field spectrum linewidth of a multiple gquantum well laserina
high magnetic field—spectral properties of quantum dot lasers

Kerry Vanala, Yasuhiko Arakawa,® and Amnon Yariv
California Institute of Technology, Pasadena, California 91125

{Received 21 November 1986; accepted for publication 16 December 1986)

The field spectrum linewidth of 2 multiple quantum well laser immersed in a high magunetic
field is measured at room temperature and at 165 K. The low-temperature measurements show
a decrease of linewidth with increasing magnetic field. We believe this behavior results from
the formation of a totally discrete electronic state space. Measurements of the low-temperature
fuminescence spectrum show that the emission is split into two peaks by the high field with the

higher energy peak responsible for lasing action.

Conventional semiconductor lasers are finding wide-
spread use in optical communication systems employing sili-
ca fiber and in certain sensing systems. In the future a num-
ber of more exotic communication and sensing systems may
replace these systems where increased channel capacity or
improved sensitivity is required.' These future systems re-
guire semiconductor lasers which drastically outperform
those that are now commercially available. These new lasers
must be highly single mode and have much narrower field
spectrum linewidths. Use of external-cavity systems is one
way to narrow the linewidth, and practical external-cavity
systems have been demonstrated.? A sacrifice is made here,
however, since compactness and the potential for monolithic
integration are compromised.

In this letter we investigate an alternate approach which
maintains these properties. In this approach we alter the la-
ser’s linewidth by modifying certain active layer material
properties that are of central importance in determining its
size. The linewidth of a semiconductor laser is given by the
expression”™

g
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where 6 is the spontaneous emission rate intc the lasing
mode, Pis the number of photons in the lasing mode, and o is
the linewidth enhancement factor resulting from the strong-
ly detuned gain spectrum. In an external-cavity semiconduc-
tor laser the decreased spatial overlap of the gain with the
field decreases &, and the increased modal volume increases
P thereby reducing linewidth. In the present approach, we
reduce the linewidth by simulating guantum dot effects
through the application of high magnetic fields to a multiple
guantum well structure. By doing this the electronic state
space of the laser active layer should be modified in a way
that causes reduction of the linewidth enhancement factor a.

To understand why this should happen, consider the
expression for e in terms of optical gain g(#) and resonant
refractive index u(n)>:

a=2 (2)

Zuo g

where @ is the lasing frequency, 2, is the nonresonant contri-
bution to the refractive index, and g’ (g") is the derivative of
the refractive index (gain) with respect to carrier density #.
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In & bulk active layer « is typically — 5, thereby causing a
degradation of spectral purity by a factor ¢f 26 times [ see Eq.
(1)]. That o is nonzerc and large in semiconductor lasers
results from g’ being significant. This happens for two rea-
sons. First, the laser gain spectrum is highly detuned, caus-
ing a strong contribution to g {#) by the carriers at the lasing
frequency. Second, band filling caunses the gain and refrac-
tive index spectra to shift in frequency when the carrier den-
sity is disturbed. For these reasons, g’ in Eg. (2) is sizable
{and in turn so is ) and it gives a2 measure of differential
changes in u that result from detuning and band filling.

In an ideal quantum dot laser the situation would be
very different. In such 2 device the active layer would consist
of an array of structures {the guantum dots} having a char-
acteristic size of 100 A (ideally of the same shape and size).
These structures would be fabricated from a low band-gap
material and would be imbedded in a high band-gap material
(e.g., GaAs in AlGaAs). Electrons and holes residing in
these structures would have highly localized wave functions
and the state space in each dot would be discrete as opposed
to the quasicontinuum of the bulk. In the ideal quantum dot
laser the contribution to gain from each dot would arise from
a pair of two level systems (one for each electron spin). The
overall active layer would be very much like a gas laser in
which the dots are likened to the atoms in the gas. In addi-
tion to a number of other differences, « in this ideal case
would be zero provided the emission line is symmetrical and
that lasing occurs at the peak of the emission line.

Many of the characteristics we ascribe o this ideal de-
vice seem unatiainable at the present time. Problems stem
from the technological difficulties involved in fabricating
guantum dots. A means of testing the ideas discussed above
without actually fabricating quantum dots does exist, how-
ever. This is to apply high magnetic fields normal to the
plane of a quantum well laser.*” By doing this we can
achieve confinement of carriers in two directions via the Lor-
entz force and in the third direction from the quantum well
barrier. Previously, we have employed this technique in bulk
active layers to study quantum wire effects in semiconductor
lasers.”

In this experiment we used an Hitachi GaAs/AlGaAs
multiple quantum well laser similar to that described in Ref.
9. The room-temperature threshold current was 42 mA and
the lasing wavelength was 792.0 nm. The laser was mounted
in a sample holder which could be evacuated and inserted
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into a cryostat (see Fig. 1). The entire assembly, sampie
holder and cryostat, rested on a conventional Bitter magnet
with the portion of the cryostat containing the sample resid-
ing in the bore of the Bitter coil. This magnet was capable of
generating a cw magnetic field as high as 19 T. The tempera-
ture of the sample was controlled with a heating element and
monitored with a thermal couple. The light emission from
the front facet of the laser was reflected from a right-angle
mirror and collimated for transmission through the column
of the sample holder. The beam exited the sample holder
through a window. Thereafter it was split for measurement
of power and spectra. Optical power was also measured di-
rectly at the sample with a detector stationed at the back
facet of the laser. The laser emission spectrum was measured
in two ways. Low-resolution measurements were made us-
ing a grating spectrometer, and field-spectrum linewidth
measurements were made using a2 high-resolution scanning
Fabry-Perot étalon having an instrumental bandwidth of 10
MHz. Feedback effects to the laser were controlied by slight-
ly misaligning optics, windows, and the Fabry-Perot étalon.

Measurements were conducted at room temperature
and at 165 K. The lower temperature was selected by using
current-voltage characteristics to monitor the onset of car-
rier freeze-out effects. At a given temperature, linewidth ver-
sus cutput power data were taken for various magnetic field
strengths. Zero field measurements were conducted at both
the beginning and the end of a run at a given temperature (o
ensure that the experimental setup had not misaligned itself
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FIG. 1. Sample holder and measurement apparatus.

during application of the high field. Measurements at room
temperature of linewidth versus power showed no observ-
able dependence on magnetic field strength.

Measurements at 165 K are presented in Fig. 2. In this
case there is an observable reduction of the linewidth as the
magnetic field is increased. The reduction is as large as 2%
for a field strength of 19 T. We bekieve this reduction is the
result of emission from quantum-dot-like states in the active
layer. The reduction is probably diluted by scattering, and
we believe the absence of any cbservabie reduction at room
temperature is due to intense carrier scattering. Another ef-
fect that could also weaken the observable reduction is the
presence of other dot states in the spectral proximity of the
states which are responsible for lasing action. This would
tend to detune the system and hence lead to field spectrum
linewidth broadening as discussed earlier.

The presence of other states was confirmed in measure-
ments of luminescence which were performed on this device
at 165 K. At low field strengths the luminescence had a sin-
gle peak. At high field strengths, however, the spectrum had
the dual peak structure shown in Fig. 3. This figure shows a
seguence of spectra measured at a field strength of 19 T for
different pump currents to the laser. In the spectra the low-
energy peak is excited frst. With increasing pump current
the second peak is excited and eventually provides the gain
necessary for lasing action in this device. As the fleld was
reduced these peaks merged into one another, eventually be-
coming indistinguishable below 13 T. The maximum separa-
tion of the peaks was 26 meV at 19 T, Although it is possible
that additional structure is hidden at these temperatures by
scattering, we believe these peaks can be interpreted as tran-
sitions between Landau energy states inn the conduction and
valence bands of the quantum wells (i.e., simulated quantum
dot states). Spectra similar to these have been observed at
much lower temperatures in GaAs quantum wells which are
subjected tc high magnetic fields.'®

In conclusion, we have discussed the potential advan-
tage of a quantum dot semiconductor laser with regards to
achieving a narrow field-spectrum linewidth. Such a device
would have an active layer which would be similar to 2 gas
laser in that its Juminescence spectrum would result from
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FIG. 2. Measured field spectrum linewidth vs inverse output power in rela-
tive units at several magnetic field strengths.
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FIG. 3. Measured emission spectrum from a multiple quantum well Iaser in
s 20-T magnetic field for several injection current levels below threshold.

discrete states. To test these ideas we have presented mea-
surements of a multiple guantum well semiconductor laser
immersed in a high magnetic field. It is well known that
when the magnetic field direction is normal to the quantum
well plane this system becomes discrete in the sense men-
tioned above and may simulate a quantum dot system.
Linewidth versus power measurements were taken at room
temperature and indicated that the device under test was
broadened by spontaneous emission. No Hnewidth depen-
dence on magnetic field was cbserved at room temperature,
however. At 165 K the linewidth was observed to decrease as
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the field was increased. We believe this is the result of a
discrete set of electronic states setting up in the laser active
layer (i.e., dotlike staftes). Room-temperature measure-
ments were probably diluted by scattering and subsequent
broadening of the transition. Measurements of the lumines-
cence spectrum af high field strengths indicated the presence
of two peaks. The higher energy peak was responsible for
lasing action in the device tested.

This work was supported by the National Science Foun-
dation, the Caltech Program in Advanced Technologies,
and the Murata Science Foundation. The authors are grate-
ful to Dr. K. Uomi and Br. N. Chinone of Hitachi Central
Research Laboratories for supplying the quantum well la-
sers used in this experiment, and they would also like to
express their thanks tc Dr. Larry Rubin and Bruce Brandt at
the National Magnet Laboratory for their assistance in this
experiment.

“T. G. Hodgkinson, I W. Smith, R. Wyatt, and D. 3. Malyon, Br. Telecom
Technot. J. 3, 3 (19853).

*M. R. Matthews, K. H. Cameron, R. Wyatt, and W. J. Devlin, Electron,
Lett. 23, 115 (1985).

*A. Mooradian, Phys. Today 38(5), 42 (1985).

AC. H. Henry, IEEE §. Quantum Electron. QE-18, 259 (1982).

K. Vahalaand A. Yariv, J. Quantum Electron. QE-19, 1096, 1102 (1983).
*Y. Arakawa, H. Sakaki, M. Nishioka, H. Gkamoto, and N. Miura, Jpn. J.
Appl. Phys. 22, L8034 (1983).

"H. Sakaki, Y. Arakawa, M. Nishioka, and J. Yoshino, Appl. Phys. Lett.
46, 83 (1985).

%Y. Arakaws, K. Vahala, and A. Yariv, Appl. Phys. Lett. 48, 384 (1986).
“K. Uomi, 8. Nakatsuka, T. Ohtoshi, Y. Ono, N. Chinong, and T. Kaji-
mura, Appl. Phys. Lett. 45, 818 (1984).

¢, H. Perry, A. Petrou, M. C. Smith, J. M. Worlock, and R. L. Aggarwal,
J. Lumin. 31,32, 491 (1984).

Vahala, Arakawa, and Yariv 367

Downloaded 20 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



