AlP | e

Modal gain and internal optical mode loss of a quantum dot laser
E. Herrmann, P. M. Smowton, H. D. Summers, J. D. Thomson, and M. Hopkinson

Citation: Applied Physics Letters 77, 163 (2000); doi: 10.1063/1.126911

View online: http://dx.doi.org/10.1063/1.126911

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/77/2?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=E.+Herrmann&option1=author
http://scitation.aip.org/search?value1=P.+M.+Smowton&option1=author
http://scitation.aip.org/search?value1=H.+D.+Summers&option1=author
http://scitation.aip.org/search?value1=J.+D.+Thomson&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/10.1063/1.126911
http://scitation.aip.org/content/aip/journal/apl/77/2?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 2 10 JULY 2000

Modal gain and internal optical mode loss of a quantum dot laser

E. Herrmann,® P. M. Smowton, H. D. Summers, and J. D. Thomson
Department of Physics and Astronomy, University of Wales Cardiff, Cardiff CF2 3YB, United Kingdom

M. Hopkinson
EPSRC Central Facility for IV Semiconductors, Department of Electronic and Electrical Engineering,
University of Sheffield, Sheffield S1 3JD, United Kingdom

(Received 1 March 2000; accepted for publication 14 May 2000

The modal gain spectra and internal optical mode loss of a semiconductor laser structure containing
a single layer of InGaAs quantum dots have been measured independently and directly as a function
of current density. The quantum dot gain exhibits no obvious polarization dependence. The
maximum modal gain of11+4) cm™ ! obtained from the ground state of a single layer of quantum
dots is in this case insufficient for lasing operation since the internal optical mode loss measured on
the same sample {41+4) cm™*. As expected laser emission is not observed from the dot ground
state, but from the excited dot state or from the wetting layer depending on device leng#Q0®
American Institute of Physic§S0003-695(100)00428-9

Semiconductor lasers containing quantum dots as activeodal gain is only sufficient to match the measured value of
layers are of considerable interest due to the improved device;, therefore we do not expect lasers fabricated from this
performance that the discrete density of states of such layersaterial to exhibit lasing action at wavelengths correspond-
may offer’ However, the small overlap between the gaining to the ground state and find that this is indeed the case.
producing region and the optical mode, due to the small size The quantum dot laser structure consists of a single,
and finite separation of the quantum dots, can lead to lessight monolayer, Ip=Ga As layer deposited within 10 nm
maximum modal gain compared to that of a quantum wellof GaAs at a growth temperature of 500 °C. The GaAs is
device. This is not necessarily detrimental providing thepositioned symmetrically within a 190 nm f:Ga, gsAs in-
modal gain G) is sufficient to overcome the optical losses trinsic region and the structure is clad with doped
(internal optical mode loss and mirror l19ss a particular Al sdGay 46AS layers. The quantum dot size and density can
device design but it makes the assessment of both optichle estimated from field-emission scanning electron micros-
gain and optical losses critical in quantum dot structures. COpy measurements on an uncapped structure grown using

There are several techniques routinely employed to messimilar conditions. A dot density of (83)x 10" cm™? and
sure or deduce gain in quantum weliee, e.g., Refs. 234  a dot diameter of-20-25 nm were deduced, which are con-
but there are difficulties associated with these, particularhsistent with the observations of Solomenal® The structure
when used with quantum dot structures. The main shortconwas fabricated into 5@m wide oxide isolated stripe lasers
ing of most gain measurement techniques is that a measuré50—1500um long and also into multisection devices, as
ment of the optical losses is required to calibrate the gairflescribed in Ref. 7.
values. The measurement usually used to derive the internal The spectrum of the total modal lo&ot absorption and
optical mode loss ;) relies on the assumption that the in- «;) is shown in Fig. 1. The value aof; is determined from
ternal differential efficiency is constant for devices of differ- the part of the spectrum unaffected by absorption in the
ent lengtt? This assumption is particularly difficult to justify guantum dots. The photovoltage absorption spectufifig.
for quantum dot structures where recombination occurs from

different dot states and even the wetting layer as the device 100

length and hence threshold gain requirement is changed. F'E
Spontaneous emission spectra may be transformed to ° 80

gain spectra providing the carriers are in thermodynamic @

equilibrium# Such an assumption may not be valid for quan- 9 60

tum dot structures where carriers can be spatially isolated in g

different sized dots, although there are some preliminary re- 8  *°

sults that indicate that this approach may be satisfactory in =

some dot structures, at least at highé=>300 K) % 20 AMe A

temperature8. = C TV
Here we describe independent measurements of the op- 860 1010 1060 1110 1160

tical gain ande; on the same structure using a single pass,

electrically pumped multisection techniqléor the single Wavelength / nm

layer structure investigated the measured dot ground state
FIG. 1. Total modal loss spectrum. At long wavelengths the absorption is

negligible and the constant amplitude part of the spectrum yields the value
3Electronic mail: herrmannE@cf.ac.uk of ;. The horizontal line is a guide to the eye.
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FIG. 2. Edge photovoltage absorption spectr(Ref. 9. The inhomoge- £ 3. TE and TM net modal gain spectra as a function of wavelength at
neously broadened dot ground state is marked by an arrow. The absorpt“?ﬂjection levels of 278(squares and starand 1668 A cm? (circles and

is negligible beyond 1070 nm. triangles. Another TM spectrum is plotted for an injection level of 1112
Acm™2 (crossek In the two highest injection TM spectra two features at A

. . :and B are apparent and these correspond to the wetting layer and dot excited
2 shows that the absorp'uon from the quantum dots is negllstate, respectively. The inset shows, in detail, the region of the spectra where

. 71 .
gible beyond 1070 nm. Aw; value of (11=4) cm * is de-  the TE and TM gain crossover with additional data for TE12 A cm 2)
termined from this region of the loss spectrum of Fig. 1,and TE and TM spectré834 A cni 2). The solid horizontal line is a guide

where the loss is independent of the wavelength. The experio the eye.
ment works in quantum well devices because we have a
source of light in the section under electrical injection atas the feature at 1030 nm in Fig. 2 corresponding to the
wavelengths below the absorption edge of the unpumpethhomogeneously broadened dot ground state. At the highest
material due to carrier induced band gap narrowirkhe current density and at short wavelengths the TE and TM
wavelength independent section of the spectrum of Fig. 1 ispectra are different. The TE spectrum is dominated by emis-
evidence that there is also sufficient band gap narrowing ision at a wavelength of 950 nifA) corresponding to the
guantum dots. However, there is a larger uncertaistgin-  electron to heavy hole transitige—hb in the quantum well-
dard error of mean of data 1070—1160)rimthis result than like wetting layer. According to the polarization selection
we have typically found for quantum well devices due torules for a quantum well the TM spectrum should only show
lower light emission at the longer wavelengths, presumablyevidence of electron to light hole transitiofs—Ih), which
because there is less band gap narrowing in a quantum date at shorter wavelengths than the electron to heavy hole
structure. The band gap narrowing that does occur could beansitions in unstrained or compressively strained material.
due to the effect of carriers in the wetting lay@r. Indeed the TM spectrum shows less of the e—hh emission at
Having independently measured the valuenpfwe de- 950 nm(A) and it is possible to detect a second peak at 970
termined the net modal gain by using the multisection devicexm (B). We believe that this second peak can only corre-
method for both transverse electfitE) and transverse mag- spond to a dot excited state since any electerlh) transi-
netic (TM) polarizations. The modal gain is determined bytion in the wetting layer would be detected below 950 nm.
measuring the amplified spontaneous emis§kBE) emerg- The second peak is also apparent in the TM spectra at an
ing from a single electrically pumped 3Q@m long section intermediate current density. Overall the data of Fig. 3 ex-
and comparing it with that from multiple, electrically hibit a polarization dependence at wavelengths correspond-
pumped 300um sections. The optical mode should grow ing to the wetting layer but no polarization dependence
exponentially as it travels along the 3Q0n sections. For where the gain is produced by the quantum dots.
sections of some larger length or when the total length is In Fig. 4 the TE net modal gain spectra for the same
large we would expect that the optical mode would no longesample at a series of current densiti2g8—1668 A/crf) are
be able to grow exponentially due to limitations to the rate aplotted. The maximum value of the peak of the net gain
which carriers can recombine, the phenomenon that results spectrum at wavelengths corresponding to the ground state is
spatial hole burning. To confirm that it is not affecting our approximately zero. The modal gain from the single layer of
results, taken with 30um long sections, we have repeated dots is thereforé11+4) cm™! (=q;). This means that the
the measurements, increasing the length and number of seground state transitiofof a single layer of quantum dots
tions. Using two 60Qum long sections we find that the re- this device does not provide enough modal gain for lasing
sulting gain spectra are unaltered, even for the highest cupperation & «;+mirror losg. The wavelength of the net
rent densities. gain peak shifts from 1025 to 950 nm as the current density
Although the laser emission of all our oxide stripe de-is increased, corresponding to movement from the ground
vices is TE polarized, the TM gain data are useful since thestate of the quantum dots to an excited state and finally to the
wetting layer emission is reduced in these spectra allowingvetting layer at the highest current densities. The gain spec-
us to observe excited dot state emission. Net modal gaitra of Fig. 4 allow us to make predictions about the perfor-
spectra for the TE and TM modes are shown in Fig. 3. At anance of lasers fabricated from this material. We would ex-
current density of 278 A/cfthe TE and TM spectra are pect to achieve TE polarized laser emission at wavelengths
similar and the net gain peak occurs at the same wavelengtorresponding to the excited dot states and the wetting layer
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the TE and TM spectra should cross at the transparency point
(net gair=a;).” The value ofa; determined from the point at
which the TE and TM spectra cross is also marked in Fig. 3
and appears to be constant, within experimental uncertainty,
at different injection levels and at different wavelengths.
This line also falls within the uncertainty of the; value
determined from extrapolation of the net gain to long wave-
lengths in Fig. 4. These values are consistent with the value
obtained from Fig. 1 and provide some evidence that carriers
in different dots in this structure at 300 K are in thermal
equilibrium.

From this work it is clear that the value of is a critical
performance parameter in dot structures because the value is
similar to the modal gain and therefore, to properly quantify
FIG. 4. Net modal gain spectra as a function of wavelength for the TE moddn€ performance of quantum dot lasers, it is necessary to
with applied currents of 278, 556, 834, 1112, and 1668 A#nThe cal-  accurately measure both the optical gain and the internal op-
culated mirror loss and measured lasing wavelength for devices 450, 75@jcal mode loss. Using a multisection device method we have
and 1500um in length are represented by closed squares. shown that a semiconductor laser with one layer of InGaAs

guantum dots provides a maximum ground state peak gain of
and not from the ground state. The wavelength of laser emisl1 cm 1. This is insufficient to overcome the measured in-
sion of devices of decreasing cavity length should decreas@rnal optical mode loss of 11 ¢m and as such we do not
as the threshold losses and required threshold gain increagXpect lasing operation from the ground state even for ex-

We have measured the room temperature lasing wavdremely long devices. Indeed, 8&=300 K devices lase in the
length of oxide stripe devices of different cavity length usingTE mode from the dot excited states or the wetting layer,
a spectrum analyzer. The devices were pulse driven with gepending on device length, but not from the dot ground
pulse length of 1us, a duty cycle of 0.1%, and an applied state. Our results illustrate the critical balance between gain
current of 1.0% 1y, and all produced TE polarized laser and loss in quantum dot lasers and show that, when design-
emission. Devices of lengths 450, 750, and 1500, with  ing and growing quantum dot lasers, emphasis should be
corresponding threshold current densities of 1067, 630, anglaced on both increasing the gain and reducing the optical
450 Acmi 2, respectively, produced spectra with peak lasinglOSses.
wavelengths of 956450 um), 965 (750 um), and 982 nm

(1500 um). Using refractive index data for AlGaARef. 1] The auth_ors would like to _thank_Profgssor Peter Blood
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