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Reduced Surface Sidewall Recombination and
Diffusion in Quantum-Dot Lasers

Stephen A. Moore, Liam O’Faolain, Maria Ana Cataluna, Michael B. Flynn, Maria V. Kotlyar, and
Thomas F. Krauss

Abstract—We examine the surface recombination rate in
quantum-dot semiconductor lasers and determine the diffusion
length (1.0 ;om) and, for the first time, provide a value for surface
recombination velocity (5 X 10% cm/s) in quantum-dot material.
As a result of strong carrier confinement in the dots, these
values are much lower than in comparable quantum-well lasers
(5 X 10° cm/s and 5 pum, respectively) allowing the creation of
narrow (2-3 ym wide) lasers with comparable threshold currents
to those of broad area devices.

Index Terms—Diffusion length, low threshold, quantum-dot
lasers, surface recombination.

1. INTRODUCTION

UANTUM-DOT lasers have received considerable
Qinterest in recent years due to their potential for temper-

ature-independent operation, low linewidth enhancement
factors, low threshold currents, resistance to optical feedback,
and ability to provide gain at the telecommunication wave-
lengths from a GaAs-based material.

In narrow mesa quantum-well lasers, surface recombination
at the etched sidewalls can be a major factor affecting the per-
formance of the device. Where the lattice abruptly terminates,
“dangling bonds” are formed, creating surface states through
which carriers may recombine nonradiatively. This process may
be characterized by a surface recombination velocity vs. Values
of order 10°~10° cm/s~! are typical for GaAs and 10* cm/s
for InP [1]. This can severely compromise device performance.

Recent works [2], [3] have observed that sidewall recombi-
nation in quantum-dot lasers is much reduced compared to that
in quantum wells, though without fully characterizing this be-
havior. The reduction may be attributed to the strong three-di-
mensional confinement of carriers to the dots. Carriers that are
trapped in a dot do not interact with any defects; only while they
are in the wetting layer may diffusion to a recombination center
take place. This effectively reduces the diffusion length, as due
to continual trapping by and escaping from the dots (due to
thermal effects), the freedom of the carrier is greatly restricted.

In this letter, we examine the phenomenon in detail and quan-
tify the parameters that dominate its behavior.
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II. PROCEDURE

A material consisting of ten layers of InAs quantum dots
inside Gag g5Ing 15As quantum wells was grown by NL
Nanosemiconductor GmbH using molecular beam epitaxy.
The size and composition of the dots was chosen such that the
peak of emission was at 1280 nm. Initially, broad area lasers
(50 pm wide), of varying length, were fabricated to determine
the material constants [4].

Using electron beam lithography, 2—10-pm-wide stripes were
defined and then transferred into a hydrogen silsesquioxane
(HSQ) hard mask (baked at 500 °C for one hour) [5] using
reactive ion etching (fluorine chemistry). The 2.2-pm-high
mesas were etched using a high beam voltage/low beam cur-
rent regime of chemically assisted ion beam etching [6]. The
remaining HSQ was then removed with hydrofluoric acid.

Self-aligned BCB insulation pads were created using an etch-
back technique. Electrical contacts were deposited using elec-
tron beam evaporation.

Broad area (50 pym) and varied width (5-50 pm wide) mesa
lasers were also created in a quantum-well material. This was a
double quantum-well design, emitting at 980 nm, grown at the
University of Sheffield. The fabrication process was the same as
that for the quantum-dot devices.

The samples were cleaved into chips of suitable length (ap-
proximately 2 mm for the quantum-dot and 0.6 mm for the
quantum-well devices) and mounted p-side up on copper blocks.
Power-current curves were then obtained for each laser and a
curve of threshold current density against mesa width obtained
for both materials. For a 5-um-wide 2-mm-long quantum-dot
device, the threshold current was measured as 140 Acm™2, com-
paring favorably with that of a similar length broad area device
(122 Acm™?).

The passive optical loss of each waveguide was measured by
taking a transmission spectrum using a tunable laser in the wave-
length range of 1300-1310 nm. The internal loss «; was deter-
mined from the Fourier transform of the resulting Fabry—Pérot
oscillations [7]. A loss value of 5 cm™"! for the quantum-dot de-
vices was obtained that, within experimental error, was identical
for all waveguides, indicating that the dependence of threshold
current density on ridge width is dominated by sidewall recom-
bination effects rather than by optical losses.

III. ANALYSIS AND RESULTS

A simple theoretical model was used to fit the experimental
results and establish values of v,, following the approach of
Coldren et al. [8]. The model was constructed by consideration
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of the transverse carrier density N (x). Starting from the simple
lateral diffusion equation

d*N(z)
D
da?

_ _mJ@) , N@)

qd T

(D

where D is the diffusion coefficient, n; is the injection efficiency
(taken to be 0.7 for the quantum wells and the quantum dots),
J(x) is the applied current density assumed to be invariant in
the « direction (J(z) = Jy), ¢ is the electronic charge, d is the
depth of the active region, and 7 is the carrier lifetime (taken to
be 2 ns in the wells [9] and 2.8 ns in the dots [10]). Equation (1)
can be solved analytically at threshold (.J(x) = Jyy,), with the
boundary conditions that dN/dxz = 0 at the ridge center (x =
0) (from symmetry) and that the diffusion current DdN/dz is
equal to the surface recombination current —vs /N at the ridge
edge (z = W/2), giving the expression

Nw(z) = Acosh <i> +N, )
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where L, is the diffusion length, equal to (D7)°%, and is used
as a fitting parameter in the model, N, is the injected carrier
density, and .Ji}, is the threshold current density. The 50-pm
-wide varied length laser data was used to model the variation
of threshold gain G with threshold carrier density. For a 50-um
-wide device, we can assume N¢, =~ N,. The threshold gain
was calculated by setting it equal to the optical losses

o + Qo
G = (@i + am) T ) (3)
with
4 —1
rmzw[2<@) +7 (®)
Neff1
and
v = 4m*W2A? (nlgy — i) (7)

where «; is taken to be 11 cm~? for the wells and 5 cm~! for
the dots, «,, is the mirror loss equal to In(1/R)/L, where R
is the facet reflectivity taken to be 0.33 and L is the device
length. I', is the lateral confinement, I', is the vertical con-
finement taken to be 0.05 for the wells and 0.016 for the dots
and ) is the freespace wavelength. n.g is the effective refrac-
tive index for the given material, calculated to be 3.23 for the
wells and 3.43 for the dots using a commercial eigenmode solver
(FIMMWAVE). Fig. 1 shows the variation of G with Ny, using
the data for the 50-um-wide quantum-dot lasers. As the lasers
are operating below saturation, this plot can be modelled by the
logarithmic expression

Nth
G (Nin) = gol
( t}) g0 H<Ntr)
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Fig. 1. Variation of threshold gain with Threshold Carrier Density for 50-um
-wide quantum-dot lasers.
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Fig. 2. The theoretical dependence of the threshold current density on mesa
width for quantum-well lasers. The experimental data is overlaid. The solid,
dash-dot, dash and dot represent values of v, of 5 x 105, 5 x 10,2 x 10 and
1 x 10° cm/s~* respectively.

where g is the gain cross section at transparency (found to be
720 and 1199 cm ™! in the wells and dots, respectively) and N,
is the carrier density at transparency (found to be 6.85 x 10*7
and 1.21 x 10*® cm~3 in the wells and dots, respectively). As G
is a function of ridge width W, we can rearrange (8) to obtain
Nin(W). For narrow ridges, the assumption Ny, ~ N, is no
longer valid. We therefore have to integrate (2) across the mesa
to obtain an effective carrier density N.g. This integration also
needs a weighting function P(z) to account for the mode pro-
file. P(z) was approximated as a normalized cosine function
(w/2W) cos(mxz /W) as this is the form of a fundamental wave-
guide mode inside a mesa. The resultant integral gives

Ar? L2 cosh (%)
Nog =
off T2L% + W2

+N,. ©)

N can be substituted for Ny, in (8) and solved for N, (W)
and subsequently Ji,(W). The theoretical plot of Jiy, (W) for
the quantum-well devices, along with the experimental results
are plotted in Fig. 2. From the plot v, ~ 5 x 10° cm/s™*
which is in good agreement with accepted values [8], giving
us confidence in the model. A value of 5 ym for L, provided
the best fit. Jy;,(w) for the quantum-dot devices, along with the
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Fig. 3. The theoretical dependence of the threshold current density on mesa
width for quantum-dot lasers. The experimental data is overlaid. The solid, dash-
dot, dash and dot represent values of v, of 1 x 10°, 5 x 10%, 1 x 10* and
0 cm/s ™' respectively.

experimental results is plotted in Fig. 3. From the plot vy ~
5 x 10% cm/s™* in the quantum-dot devices. A value of 1.0 zm
for Ly in the dots provided the best fit. This value shows good
agreement with that measured by Popescu et al. [11]. Of the
key constants (7, a;, 1;, I',), only a variation in 7 (+£25%)
clearly affected the extracted results, causing a small change in
L4 (£10%). This shows that the measurement is tolerant to any
inaccuracies in the unmeasured constants.

IV. CONCLUSION

For the first time, we have fully characterized surface recom-
bination in a quantum-dot material, uniquely measuring both
the surface recombination velocity (5 x 10* cm/s) and the dif-
fusion length (1.0 pm). Both these parameters are necessary for
a full understanding. The order of magnitude difference in sur-
face recombination and the reduced diffusion length between
quantum wells and quantum dots allows the creation of high-
performance, narrow quantum-dot mesa lasers. The consequent
strong confinement of carriers to the active layer (with little
penalty due to surface recombination) means that these devices
are very efficient with threshold current densities comparable to
those of broad area lasers. The prevention of current spreading
may also be expected to improve the high-frequency perfor-
mance of these devices through a reduction in the parasitic ca-
pacitance [3]. The large refractive index contrast, due to the
mesa structure, also provides high optical confinement which
considerably extends the range of available cavity geometries,
allowing, for example, ring lasers with tighter bending radii. Ad-
ditionally, the reduced value of v, potentially allows the creation
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of GaAs-based photonic crystal lasers—devices that were pre-
viously inefficient due to the high value of v, in quantum wells.
Furthermore, a lower value of vs should be obtainable by opti-
mization of the fabrication conditions, such as the CAIBE etch
step that may generate excess damage at the sidewalls [12].
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