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We show that as one decreases the cross-sectional area of quantum wire lasers, the threshold
current decreases, but the carrier relaxation time increases. Since the electron relaxation time
sets the upper limit on the modulation frequency, there is a tradeoff between speed and efficiency
in quantum wire lasers. We derive the optimal wire cross-sectional area for a one-dimensional
array of quantum wire lasers based on a balance between an acceptably high maximum
modulation frequency and a desirably low threshold current density. We find that for a
relaxation time of 60 ps, the quantum wire of 150X 150 A cross section has the lowest threshold
current density of 560 A/cm?. If high-speed operation is not needed, the optimal choice for the
quantum wire cross-sectional area is 10050 A with the threshold current density of 420
A/cm?. For optumzed quantum wells with the same cavity losses, the threshold current density
is =620 A/cm® We also present the results for the threshold current density and the relaxation
time that allow one to find the optimal quantum wire structure weighing the speed and efficiency
considerations in accordance with their relative importance.

The density of states in quasi-one-dimensional (1D)
electronic structures develops a strong peak near the band
edge with the promise of yielding high gains at very low
carrier injections.!™ It has been demonstrated theoretically
as well as experimentally that quantum wire lasers require
lower threshold currents than their quantum well counter-
parts.> On the other hand, the carrier relaxation processes
in quantum wire structures appear to be slower than in
quantum wells due to the reduction in momentum space to
a single dimension and the resulting suppression of the
major energy loss mechanism, polar optical phonon emis-
sion.””!! Both effects become more prominent as the quan-
tum wire cross section is decreased because of the reduc-
tion in the number of subband levels in the quasi-one-
dimensional system. Depending on the relative importance
of the threshold current and modulation frequency consid-
erations, the wire cross section can be optimized for a par-
ticular design of the quantum wire laser. In this letter, we
optimize the quantum wire cross section for array lasers
based on the theoretical calculations of the relaxation time
and threshold current in quantum wires.

We consider a wire of GaAs of the lateral dimensions
of the order of the deBroglie wavelength for electrons,
bounded in the directions of confinement by the larger
band gap barrier of Al,;Gag;As. A finite length of the wire
(2000 A) along the wire axis oriented in the [001] crystal-
lographic direction is assumed in order to simplify the re-
laxation time calculation, however, the presented results
are independent of its numerical value as long as it is much
greater than the electron wavelength. From the point of
view of the technological process, the fabrication of quan-
tum wires oriented along the [011] direction is often easi-
est. The separation between the subbands in such a wire is
greater than in the [001] wire, resulting in a lower density
of states and more nearly parabolic valence band structure.
Therefore, the [011] wire requires a lower threshold cur-
rent, and the calculations for the [001] wire may be con-
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sidered as the lower bound on the performance of the [011]
wires. On the other hand, the lower density of states may
increase the relaxation times slightly for the [011] wires as
compared with the [001] wires; however, since the error in
defining the lateral dimension of the wire can be as great as
20 A, the orientation dependence of the relaxation time is
not expected to be a significant factor.

We assume the electron states have the central sym-
metry of s-type states and the hole states have that of
p-type states and solve the band structure problem for the
conduction and valence band in the k-p approxima-
tion.'>!> While the electron density of states in the well
adheres to the expected one-dimensional negative square
root functional behavior, the density of states in the va-
lence band is"quite complicated due to the mixing and
coupling between heavy holes and light holes (Fig. 1). The
nonparabolicities in the valence band make quantum wires
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FIG. 1. The valence band density of states for the 100%100 A
quantum wire.

2024



a priori less attractive for laser applications, but an exact
numerical analysis establishes the quantitative superiority
of employing quasi-one-dimensional laser structures over
the quantum wells. We calculate the material gain in quan-
tum wires using the Fermi Golden Rule. It is given in
Gaussian units by'*#*®
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where 2 is the polarization of light, P, ,,, is th

matrix element between the electron and hole states, W is
the width of the wire in the direction of current flow, L is
the length of the wire in the direction perpendicular to that
of the current flow and to the wire axis, and f°(E;) and
fh(Ef’n) are the electron and hole quasi-Fermi functions,
respectively. The calculation proceeds by adjusting the
quasi-Fermi levels until the electron density equals the hole
density in the active region. The delta function is repre-
sented by a Lorentzian broadening function with a 3-meV
linewidth. Light experiences optical gain only in the well
region; therefore, we characterize the laser optical gain by
multiplying the material gain by an optical confinement
factor I'=y W, where ¥ is the optical confinement per unit
width and W is the width of the quantum wire in the
direction of current flow. The array is assumed to have a
fixed length, the calculations are independent of its numer-
ical value. The implication is that a 1D array of a certain
length will contain twice as many 100X 100 A as 200200
A wires. Our calculations are normalized with respect to
this characteristic. We assume a typical value for y of 2.5
% 10~* A~! in GaAs-based lasers. The results are pre-
sented for a cavity loss of 48 cm~!. We normalize the
model gain for quantum wires in an array of fixed length in
the direction perpendicular to that of the flow of current.
The peak model gain as a function of the 1D carrier con-
centration with the loss line superimposed on it is shown in
Fig. 2. We obtain the threshold carrier densities of =2
% 10% cm ™! for the 100X 100 A wire, 6 X 10% em ! for the
150X 150 A wire, and 12X 10° cm ™! for the 200200 A
wire.

In order to determine the radiative current density, we
must evaluate the spontaneous emission rate per unit area.
This is done by computing the dipole transition rate for the
quantum confined carrier states (Ref. 16) given in Gauss-
ian units by
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The recombination rate normalized for an array of fixed
length is shown in Fig. 3 for several quantum wire square
cross sections. Now we evaluate the threshold current den-
sity by assuming that at threshold the carrier recombina-

a2 momeantnm
nm 0 uil IOHACIIUI

2025 Appl. Phys. Lett., Vol. 63, No. 15, 11 October 1993

100.0

100x100 200x200
150x130
80.0 |
o e
§ soof /
3
¥ wof i ,
e /
." ’
20.0 | H /
l': /
0.0 L1 A . ! . i .
0.0 5.0 10.0 15.0 20.0

CARRIER DENSITY (x10%cm™)

FIG. 2. Peak modal gain vs 1D carrier concentration for several quantum
wires. The intersection of the vertical loss line with the gain curves cor-
responds to the threshold condition.

tion is given by spontaneous emission. Then the total cur-
rent density is Jy=eRg(ny). This yields the followmg
estimates for the threshold current density: 510 A/cm? for
the 100} 100 A wire, 560 A/cm? for the 150X 150 A wire,
and 740 A/cm? for the 200200 A wire. Reduction of the
cross-sectional area decreases the required threshold cur-
rent until the wire becomes so narrow that the penetration
of the electronic states into the barrier reduces the
electron-hole overlap. Since the lateral dimension of the
wire is usually defined lithographically, it is expected to be
difficult to reduce it below 100 A. In view of these limita-
tions, the optimum wire cross section that is potentially
technologically realizable is 100X 50 A based on threshold
current considerations alone. Such a wire requires a thresh-
old current density of =420 A/cm?. An optimized GaAs
quantum well with a width of 50 A yields a value of Jy,
=620 A/cm? for identical cavity properties.

In order to optimize the wire cross section for high
modulation frequency, we calculate the carrier relaxation
time in quantum wires which sets the upper limit on the
modulation frequency of the quantum wire laser. We per-
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FIG. 3. Spontaneous recombination rate for several quantum wires.
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FIG. 4. Electron relaxation time as a function of the wire width for
quantum wires of square cross section at room temperature and a carrier
concentration of the order of 10'® cm ™2,

form an ensemble Monte Carlo simulation of the time ev-
olution of the electron distribution function. Since the hole
confinement energy is much smaller than that for elec-
trons, we consider electron relaxation alone. We inject car-
riers in a thermal distribution at the edge of the potential
well formed by the barrier region and extract the relaxation
time from the rate of energy loss by the electron distribu-
tion to the lattice at a constant temperature of 300 K.

Since intrasubband electron—electron (EE) scattering
in a quasi-1D system is prohibited by simultaneous conser-
vation of energy and momentum, for wires of cross-
sectional areas less than 200200 A in which the subband
spacing is greater than kT, EE scattering has little ob-
servable effect on the shape of the distribution function.
The main scattering mechanism is polar optical phonon
(POP) scattering calculated in the Born approximation
from the Fermi Golden Rule.!” An emission of a POP is
nearly four times as likely at 300 K as absorption; there-
fore, hot electrons lose their excess energy to the lattice
relaxing to a quasi-Fermi distribution. Acoustic phonon
scattering has mainly randomizing influence due to the
high occupation number. Decreasing the temperature, re-
duces the phonon occupation, increases the fraction of
emission events, and reduces the relaxation time making
the energy loss mechanism more efficient. At high carrier
concentrations, necessary to sustain population inversion
in a semiconductor laser, the relaxation time is only a weak
function of the carrier concentration. At carrier densities
several orders of magnitude smaller, screening of the
electron—phonon interaction is reduced drastically, and the
relaxation processes are substantially faster. Details of the
Monte Carlo calculation of the electron relaxation time in
quantum wires have been presented elsewhere; %! we sum-
marize the results by giving the equilibrium time as a func-
tion of cross section at 300 K in Fig. 4.

The relaxation time decreases as the cross-sectional
area of the quantum wire increases. For the 100X 100 A
wire, the relaxation time is calculated to be 120 ps, for the
150X 150 A wire, it is reduced to 60 ps, and for 200X 200
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A to 30 ps. The relaxation time tends to the limit of a few
picoseconds for bulk GaAs as the wire cross section is
increased further. Based on the modulation scheme (direct
or external) and the desired speed of the laser, these results
provide quantitative information for optimization of the
quantum wire laser design. For example, if a modulation
frequency of 15 GHz is desired with the lowest possible
threshold current, a 150X 150 A quantum wire is the best
choice. A 100X 100 A wire array will have a lower thresh-
old current, but the modulation frequency will decrease by
approximately 50%. The results for a square cross section
can be easily extrapolated to a more general rectangular
cross section since the relaxation time depends on the
cross-sectional area of the wire rather than on the individ-
ual lateral dimensions.

In conclusion, we have considered the issue of optimiz-
ing the quantum wire array lasers based on the threshold
current density and modulation frequency. The threshold
current density decreases while the maximum modulation
frequency increases as the wire cross-sectional area is re-
duced. The relative prominence of speed and efficiency
considerations dictates the correct choice of the wire cross
section for any particular design. It appears that a quan-
tum wire of the 150150 A cross section has the lowest
threshold current for a modulation frequency of 15 GHz.
The quantum wires have been demonstrated to have lower
threshold current densities for the wire cross section less
than 150 150 A than the lowest threshold current densi-
ties achievable in quantum wells. The incorporation of
strain in the wire region is expected to result in a further
reduction of the threshold current, a behavior analogous to
that observed in and calculated for the quantum well sys-
tems.
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