AlP | e

characteristic of quantum-dot lasers
D. R. Matthews, H. D. Summers, P. M. Smowton, and M. Hopkinson

Citation: Applied Physics Letters 81, 4904 (2002); doi: 10.1063/1.1532549

View online: http://dx.doi.org/10.1063/1.1532549

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/81/26?ver=pdfcov
Published by the AIP Publishing

AIP - Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today!



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1159426268/x01/AIP-PT/APL_ArticldDL_012214/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=D.+R.+Matthews&option1=author
http://scitation.aip.org/search?value1=H.+D.+Summers&option1=author
http://scitation.aip.org/search?value1=P.+M.+Smowton&option1=author
http://scitation.aip.org/search?value1=M.+Hopkinson&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1532549
http://scitation.aip.org/content/aip/journal/apl/81/26?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 26 23 DECEMBER 2002

Experimental investigation of the effect of wetting-layer states on the
gain—current characteristic of quantum-dot lasers
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Department of Physics and Astronomy, Cardiff University, Cardiff CF24 3YB, United Kingdom

M. Hopkinson
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(Received 30 September 2002; accepted 30 October)2002

Using experimental measurements of the gain—current characteristic as a function of temperature in
InGaAs quantum-dot lasers, we demonstrate that it is the population of wetting-layer states that
leads to a saturation of the population inversion in dot states and hence to the saturation of gain in
a quantum-dot laser. At 300 K, the maximum modal gain for a three-layer structure is reduced from

53 to 14 cml. © 2002 American Institute of Physic§DOI: 10.1063/1.1532549

The impetus to develop quantum-d@D) lasers has Al 1Ga) gsAs. Barrier layers of AJ15Ga) gsAs, 7 nm wide,
come from the numerous performance improvements preseparate each layer of QDs. The wafer was processed into
dicted for a zero-dimensional system, for example, a thresh8-um-wide, ridge lasers and nonlasing test devices with seg-
old current independent of temperature, zero linewidth enmented contacts of 30@m length. The emission wavelength
hancement factor, and extremely high differential daiin ~ of the 1200um-length lasers was 1000 nm at 300 K. The
practice, dot lasers have delivered significant benefits relanodal gain of pumped material or, in a separate experiment,
tive to quantum-well device;® and their potential for ap- the absorption of unpumped laser material, is measured using
plications such as femtosecond pulse generation over a wide modified version of the variable stripe length method in
wavelength randeis of increasing interest. However, in re- which the gain length is altered by electrically injecting dif-
ality dots cannot be treated as isolated zero-dimensional syferent sections of the devi¢é.The amplified, single-pass
tems. In the Stranski—Krastinov self-assembled materialspontaneous emission is collected via a 0.3 m spectrometer,
used for semiconductor lasers, the dots are sited within tghus allowing us to collect full gain or absorption spectra.
wetting layer, and this has a major influence on the lasefypical results are shown in Fig. 1. The high degree of in-
performance. The localized QD states and the twohomogeneous broadening in these dot samples produces a
dimensional wetting-layer states must be considered as aontinuous gain spectrum over 200 nm in width, within
electronically coupled system. Within this system, the carriewhich the ground and excited dot states cannot be resolved.
distribution in the dot states is mediated by the wetting-layer ~ The large variation in dot size also effects the absorption
states. The number of accessible two-dimensiof®2aD)  spectra of the lasers, producing a shallow absorption edge.
states can be as much as two orders of magnitude greaterom the gain spectra, we can extract the modal gain as a
than those in the dots, so that the influence of the wettingunction of injected current. Plots of the gain versus current,
layer can be extremely marked. achieved at the lasing wavelength, are shown in Fig. 2 for a

Theoretical models of QD lasers have already showriange of temperatures. At all temperatures there is strong
how the presence of higher energy states, both within the
dots themselves and in the wetting layer, influence dot laser

performance, increasing the threshold curfergducing the - v v )
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states(DOS) acts as a source of inertia, slowing the move-
ment of the Fermi levels as charge is injected. The damping
of the differential gain that this produces is in agreement Wavelength / nm

with the eXpe”mental results. FIG. 1. Typical modal gain and absorption spectra at 30@rigngular and
The laser structures contain three layers of InGaAs QD§quare symbols, respectivilAlso shown is an absorption spectrum at 100

formed by depositing 2.1 nm of InGaAs on 100 nm of K (circular symbols At the 300 K lasing wavelengttt000 nm), the ab-

sorption is~58 cri ! compared to the modal gain ef14 cmi L. At the 100

K lasing wavelengt{960 nmj, the absorption takes a value 69 crmi'?,

¥Electronic mail: matthewsdr2@cf.ac.uk which is very close to the saturated modal gain value of 53%cm
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FIG. 2. Measured modal gain as a function of injection current and temFIG. 3. Estimate of the DOS for the lasers. An equivalent DOS is plotted for
perature. The measurement is taken at the lasing wavelength. the dots, where the integral area represents the total number of available
energy states.

saturation of the gain at higher values of the injection cur-
rent. Such saturation is expected in a QD system due to thevel, the gain value of 145 cm ! is significantly less than
finite number of electronic states. However, as the temperahe absorption value of 583 cm ! at the lasing wavelength
ture is decreased, the maximum value of the gain increasesf 1000 nm.
thus indicating that the saturation effect is not due to the Figure 3 shows an estimate of the DOS for the dots and
complete occupancy of the dot states. We show later thahe wetting layer. The density of wetting-layer states is sim-
such saturation, where the maximum gain increases with desly calculated assuming a 2-D electron gas in the wetting
creasing temperature, is consistent with the presence of layer, and this is represented by the rectangular functions in
populated wetting layer with a larger number of states tharkFig. 3. The relative energies of the dot and wetting-layer
the QDs. Additional current density at constant temperaturstates are calculated assuming a conduction band/valence
increases the population of the wetting layer, but does ndband offset ratio of 60/40 and solving the Satirmer equa-
significantly change the Fermi-level position or the popula-tion for lens-shaped dots.Due to the zero-dimensional na-
tion of the dot states. At a temperature of 100 K, the gain-ture of the QDs, their energy states should be represented in
current curve shows distinctly different behavior. The gainterms of number rather than density. However, for the pur-
increases linearly until it reaches a maximum value and thepose of comparison, an equivalent DOS has been plotted in
abruptly saturates. At this low temperature, the rate at whiclfFig. 3, assuming a dot coverage ok20'"° dotscm 2 and a
carriers thermally escape from the dots to the wetting layer igull width at half maximum of 50 meV for the dot inhomo-
significantly decreased, and this effectively decouples thgeneous broadening. The heavier hole mass produces a
dots from both the wetting layer and each other. Thus, carriGaussian distribution of states that is much narrower than
ers are no longer thermally distributed among the QD stateghat of the electron states. The integral area under the Gauss-
and the system can no longer be described by Fermi—Dirai@an distributions, in Fig. 3, corresponds to the total available
statistics. In this regime, the occupancy of the dots increase@D states. It should be noted that the graph is plotted on a
with increasing current density as carriers are randomly capogarithmic scale and that there is at least a two orders of
tured, and will saturate when the occupancy becomes commagnitude difference in the number of available states in the
plete. The gain—current characteristic at 100 K in Fig. 2 iswetting layer compared to the dots. By calculating the con-
consistent with this explanation and in agreement with theovolution of the DOS and Fermi-functions we can calculate
retical models of dot lasers at low temperattfre. the total carrier density for a given Fermi energy. We then
Further verification of this interpretation of the experi- obtain the occupancy of the QD states as a function of carrier
ment is provided by the absorption data in Fig. 1. The abdensity. It is the difference in the occupancy of the conduc-
sorption and gain of the system are given by the same exion and valence state$.—f,, at the lasing energy, that
pression related to the interaction matrix element, number ofletermines the gain available in a laser device. Figure 4
states, and occupancies of the conduction and valence bastows a plot off.—f, as a function of the total carrier den-
electron states. Thus, the magnitude of the absorption, corraity. This confirms that the large number of wetting-layer
sponding to a valence band occupancy of 1 and conductiostates damps the movement of the Fermi energy and so com-
band occupancy of 0 is equal to the maximum gain achievplete population inversionf¢(—f,=1) cannot be achieved
able by completely inverting the carrier population within within the dots even at carrier densities ten times greater than
the dots. At 100 K, where the saturation of the gain occurghe total number of available QD states. Figure 4 also shows
due to complete occupation of the available dot states, therthe effect that decreasing temperature has on the population
is a saturated gain value of 5% cm ! at high currents in  inversion. At room temperature the population inversion
Fig. 2. The absorption value at 100 K at the lasing and measaturates at-0.2 to 0.3 of the maximum value, so that the
surement wavelength of 960 nm is#8 cm 1. Thus, within  gain available is limited to~20% to 30% of its maximum.
the error bounds of the experiment, the absorption and maxiAs the temperature is decreased, the Fermi function becomes
mum gain are of the same magnitude. However, at 300 Ksharper and the influence of the wetting layer is reduced. The
where the saturation of the gain is due to a saturated Fernpiopulation inversion therefore approaches the maximum
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1.0 wetting-layer states is included. Thus, the dot gain can satu-
_— 150K rate below its maximum value, with this saturated value in-
" . 200K creasing with decreaglng temperature. At room temperature
0.5 - P this reduces the available gain t630% of its maximum.
/, -7 __— 300K The gain data also indicates that at 100 K the dots are effec-
- - tively de-coupled from the wetting layer, and in this case

0 f// total population inversion can be achieved.
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