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Bistable Operation of a Two-Section 1.3 InAs
Quantum Dot Laser—Absorption Saturation
and the Quantum Confined Stark Effect

Xiaodong HuangMember, IEEEA. Stintz, Hua Li, Audra Rice, G. T. LiuStudent Member, IEEE
L. F. Lester Member, IEEEJulian ChengSenior Member, IEEEand K. J. Malloy Member, IEEE

Abstract—Room temperature, continuous-wave bistability was 10 6
observed in oxide-confined, two-section, 1.g#m quantum-dot g
(QD) lasers with an integrated intracavity quantum-dot saturable £ @V, = 0.0V 1s
absorber. The origin of the hysteresis and bistability were shown 5 8 (b)V, =-3.0V =
to be due to the nonlinear saturation of the QD absorption and the g 14 2
electroabsorption induced by the quantum confined Stark effect. 2 6 :,f,
Index Terms—Absorption saturation, electroabsorption, E 43 §
hysteresis, optical bistability, quantum confined Stark effect, £ 4 5
quantum-dot lasers, quantum dots, saturable absorber, semicon- o = 12 ¢
ductor laser. 3 -
T2 41
S
I. INTRODUCTION - ol 0
20 40 60 80 100

ELF-ASSEMBLED InAs or InGaAs quantum dots (QDs)
ave been used as the gain medium to achieve lase:

diodes on GaAs substrates, with very low threshold currefl. 1. Room-temperature CW lasing and electrical characteristics of a
densities and emission wavelengths up to An3-[1]-[5]. two-section QD laser with: (a). = —0.0 V short circuit and (b) a reverse
The properties of the QD layers as an absorber in an actRfgs °fV« = —3.0V. applied to the absorber section.
device have not been investigated in detail, however, and only ) ) )
weak (bias circuit dependent) bistability and self-pulsatich (001)n*-GaAs substrate. The active region consists of two
have been reported in a shorter wavelength QD laser with B\ quantum-dots-in-a-well (DWELL) layers [2] separated
intracavity QD saturable absorber [6]. Optical bistability iQY & 30 nm GaAs barrier layer, situated in the middle of a
usually associated with two-section laser structures where grd-nm-thick GaAs waveguide bounded by oAGa 3As
section is actively pumped while the other acts as a saturabl@dding layers. The devices have a typical two-section laser
absorber. This bistable behavior has important applications§fiucture with a 5g:m gap in the top-type contact metals.
optical switching and modulation [7], [8]. More importantly,The lengths of the gain section and the_ absorbgr section are
1.3um QDs have been shown to exhibit ultrafast dynamits =473 andL, =1.79 mm, respectively, which ensure
response [9], which suggests an ultrafast recovery time fodiPund state lasing. An isolation resistance of 2.88 i
QD saturable absorber. An ultrafast QD saturable absortishieved between these two sections by using shallow dry
may lead to high speed optical switching and modulation af{hing to remove the heavily doped cap layer in the gap region.
to new techniques for semiconductor mode-locking. In thfgurrent conﬂnemgnt is provided by the we'F .Iateral oxidation
paper, we report the bistable operation of a long waveleniﬂ’p] ofa 50-nm-thick Ab.osGay.02As layer positioned between
oxide-confined two-section QD laser with an integrated i€ Waveguide and the upper cladding layers, resulting in a
tracavity absorber formed with the same QD layers, in whidfToOW current aperture of 16m. Detailed device processing
both absorption saturation and electroabsorption induced B§S Peen reported in [5]. No coating is applied to the cleaved

the quantum confined Stark effect (QCSE) play a role. facets. The devices were mounted on a copper heat sink with
the p-side up, and were tested under continuous-wave (CW)

lasing operation at room temperature.

Laser Current (mA)

Il. DEVICE STRUCTURE AND FABRICATION

The devices were fabricated from the same wafer as de- I1l. EXPERIMENTAL RESULTS

scribed in [5]. The wafer was grown by solid-source MBE on The devices were measured with current injeciég) into

the gain section and a constant reverse bias vol(&ge ap-
Manuscript received August 30, 2000. . ~ plied to the absorber section. Room-temperature CW lasing oc-
The authors are with the Center for High Technology Materialsrred on the QD ground state. The peak external efficiency ex-
University of New Mexico, Albuguerque, NM 87106 USA (e-mail: xd- ded 25% f " d the lasi | h d
huang@chtm.unm.edu). ceede o for one facet and the lasing wavelength measure
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light power(L) emitted from the absorber facet and the voltage

3]

415

(Vy) across the laser section vary with the forward and back-  ~ y

ward sweep of the laser current under: 1) short-circuit condi- € , T vasoov

. . . . o — Va=-1.0V

tions, withV, = 0.0 V and 2) reverse bias, with, = —3.0 5 —o— Va=-20V
. .. . —e— Va=-3.0Vv

V across the absorber section. The, characteristics exhibit 55l v Va=40v

clear counterclockwise hysteresis loops and bistability. The loop §

position shifts to a higher laser current with increased reverse )

bias, while the loop width increases. The on—off ratio is about § I

27:1 at the center of the hysteresis loop. Unlike the devices de- -

scribed in [6], the appearance of bistability in this device does § r

not require a resistive load in the absorber bias circuit to provide =

feedback via the photocurrent change. Only a constant reverse o o5 10 15 20 25 30 35

bias voltage was applied to the absorber section. When the gain

section is biased in the middle of the hysteresis loop, on—off
witching and modulation can in lyin i-

§ tching a d. odulation can be atta .ed by .appy ga po%li%. 2. Calculated modal loss inside the absorber as a function of light power

tive or a negative current pulse to the gain section. Note that ) of the absorber under open circuit conditiohs & 1.165 V) and under a

Light Power from Absorber (mW)

V,-l, characteristic fo, = —3.0 V is displaced due to the reverse bias o¥,, = 0.0, —1.0,—2.0,—3.0,—4.0 V, respectively, across the
leakage current between the gain section and the absorber 8egarber.
tion.

From the threshold conditions at the corners of the hysteresi 4 0.0
loop, the modal loss of the absorber was estimated as a func &
tion of the light power out of the absorber under different re- £
verse bias conditions, as shown in Fig. 2. The internal loss an § 3| - 1%z
the laser gain versus current density values obtained in [5] wer § §
used in the calculation with the leakage current subtracted fron < oL A 04 §
the threshold current. As expected, the modal loss of the ak § 3
sorber is comparable to the modal gain of the laser section. Th 5 | =42 mA §
absorption inside the absorber decreases nonlinearly as the lig 81l v=21v 4-06 o

L. . o 9

power output of the absorber is increased. Since the avera¢ % -
light intensity within the absorber is proportional to the lasing 5
light power output of the absorber, Fig. 2 also shows that the ;1 3 - v o8

absorption of light by the absorber decreases nonlinearly as th
light intensity inside the absorber is increased. This nonlinea:
saturation of absorption with increasing light intensity OrigiFig. 3. Light power output of the absorber and its photocurrent under the
nates from the emptying of the QD ground state transition [1¥}yward and backward sweeps of the reverse bias voltage, showing hysteresis
[12], and is the origin of the hysteresis and bistability in the lighgops. The laser drive current is kept constant,at=42 mA.
power versus current characteristics. The saturation of absorp-
tion with increased light output introduces positive feedback afidn and the absorber section, and the photocurrent due to elec-
causes the sudden rise and fall of light power during the forwatidn-hole pair creation via the absorption of light. The photocur-
and backward current sweep. At higher injection current levelgnt in Fig. 3 was obtained by subtracting the leakage current
gain saturation and the large difference between the unsaturdgteth the total absorber current. Hysteresis loops also exist in
and saturated loss of the absorber under higher reverse biastie-photocurrent characteristics corresponding to the loop in the
sult in a wider hysteresis loop. Finally, Fig. 2 also indicates thigght power, and there is a very large negative differential resis-
presence of electroabsorption, as absorption increases withténce corresponding to the sudden changes in light power. A
creasing reverse bias on the absorber. device with the absorber biased in the middle of the hysteresis
Hysteresis and bistability were also observed upon applyif@pp can be switched on and off by using a positive or neg-
a constant laser injection current and varying the reverse ba#/e voltage pulse, respectively. The reverse-biased absorber
voltage on the absorber. Fig. 3 shows how the light power outm@quires no current injection, the photocurrent change is quite
the absorber and the photocurrent induced in the absorber vamall, and QD dynamics are intrinsically fast [9]. Therefore,
with forward and backward sweep of the reverse bias voltagsing a shorter absorber section with better electrical isolation
on the absorber. A clear and wide hysteresis loop exists in thetween the gain section and the absorber, high-speed switching
light power versus reverse bias voltage characteristic, whichaisd modulation controlled only by the absorber reverse bias are
the combined result of both absorption saturation and the el@ossible [14].
troabsorption effect. This hysteresis and bistability appear not toTo explore the electroabsorption effect further, the absorption
have been reported in two-section quantum well (QW) lasespectra were measured using the technique described in [15].
although absorption saturation and electroabsorption can alst, as shown in Fig. 4(a), the electroluminescence spectra out
simultaneously occur in a QW [13]. The total absorber curreof the absorber was measured under different reverse bias con-
has two components—a leakage current between the gain shtiens, while the laser is biased approximately at transparency

Reverse Voltage on Absorber (V)
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loss, A«, under different reverse bias conditions were calcu-
lated using the following equation:

1 I
“ La n<Iref> ( )

45 — .

L=5mA V,=10,05,00,-1.0,-20,..,-80V

in which the cavity resonance was ignored, and the results are
shown in Fig. 4(b) Here/ is the electroluminescence inten-
sity at a certain bias voltage, aidd; is the reference intensity
level corresponding to the electroluminescence of the gain sec-
tion under transparency, where any absorption or gain present
is small. The peak position ak« is actually the ground state
transition peak of the absorption spectra. Fig. 4(b) shows both
the redshift of the spectral absorption peak and the broadening
of the absorption spectrum with increasing reverse bias. The
absorption spectra peaks were fitted with Gaussian envelopes,
shown as dashed lines in Fig. 4(b). For a higher reverse bias
voltage, e.g.|V,| >4.0V, a smaller peak arises at higher photon
energy, corresponding to the absorption due to an excited state

Electroluminescence (dBm)

Model Absorption Change (cm™)

o DR, transition.
0.90 0.95 1.00 105 The redshift and broadening of the absorption spectrum under
Photo Energy (eV) reverse bias conditions can be attributed to the QCSE, arising

from the electric field in the QD layers. The internal electrical
field across the QD was calculated for the laser structure under

Fig. 4. (a) Electroluminescence from the absorber under constant laggferant reverse bias conditions. The ground state absorption
injection current/, = 5 mA and with different reverse bias voltages applie

to the absorbe, = 1.0,0.5,0.0,—1.0,—2.0,...,—8.0 V. (b) Calculated P€ak position and the full-width at half-maximum (FWHM) of
modal absorption spectra, or change in modal absorption Aoss of the  the absorption spectra were extracted from the Gaussian fitting
absorber under different reverse bias conditions. parameters and plotted against the internal electrical field in

Fig. 5. The peak positions at a reverse biaBgf <5V can be
approximately described by a quadratic dependence. The peak
redshift deviates from the quadratic dependence at higher re-

0.980 verse biases, possibly because the field is large enough to begin
0075 | dissociating the electron-hole pair and thus influences the tran-
o sition energy [16]. The Stark shift has an amplitude-40 meV
B 0970 | < under an electric field of 150 kV/cm, which is comparable with
5 2 the measurement of an InAs QD on GaAs in [17], and smaller
-‘g,‘ 0.965 |- s than that in an ordinary QW under the same electric field [18].
a § This can be explained by the relatively high barrier height and
s 0.960 | i the small size of the QD’s along the electrical field [16]. The
& 0,955 FWHM of the absorption spectra change only slightly at low
T electrical fields (less than 150 kV/cm), and rise sharply at higher
0.950 20 fields.
0 50 100 150 200 250 This linewidth increase is attributed to a reduced lifetime of
Field (kVicm) the exciton in the dot caused by the tunneling of carriers out of

the dot [19]. The expression below, derived in [19] for linewidth

Fig. 5. Absorption spectrum peak position (in dark circles) and FWHI\?roadenmg ofasmgle QD under an electrical field, was used to

linewidth (in open circles) as a function of the internal electrical field. Errdfit the linewidth broadening of the absorption spectra peaks
bars indicate the precision to which the data points could be determined

from Gaussian envelope fitting. Solid lines are fit curves where a quadratic

dependence and an exponential relation were assumed for the peak position b

and linewidth broadening, respectively. I'=Tg+aexp <_F> . (2)

(I, = 5 mA). Fig. 4(a) shows the electroluminescence interdere, I" is the linewidth as a function of electrical field,
sity from the absorber decreases as the bias voltage of the AbFy =23.52 meV is the linewidth at zero field, and
sorber changes from forward bidg, =1.0 V, to reverse bias, ¢ =4517.2 meV and =1242.03 kV/cm are fitting parameters.
V, = —8.0 V. In the mean time, the electroluminescence pedke fit indicates that the broadening of the absorption spectra
position red-shifts to a smaller photon energy. The modal alellows the same dependence as linewidth broadening of a
sorption spectra, or strictly, the changes in modal absorptisimgle QD.
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. . . linear and nonlinear optical properties of semiconductor microcrystal-
summary, long wavelength, oxide-confined two-section |ites,” Phys. Rev. Bvol. 35, no. 15, pp. 8113-8125, 1987.

QD lasers with an integrated intracavity QD saturable absorbd#2] T. Matsumoto, M. Ohtsu, K. Matsuda, T. Saiki, H. Saito, and K. Nishi,

have been fabricated. In addition to achieving efficient room

“Low-temperature near-field nonlinear absorption spectroscopy of
InGaAs single quantum dotsAppl. Phys. Lett.vol. 75, no. 21, pp.

temperature CW lasing operation in the ground state, hysteresis 3246-3248, 1999.

and

characteristics of the laser voltage, and in the reverse-biased

bistability have also been observed in both thbg [13] H. Uenohara, R. Takahashi, Y. kawamura, and H. lwamura, “Static and
dynamic response of multiple-quantum-well voltage controlled bistable

laser diodes,IEEE J. Quantum Electronvol. 32, pp. 873-883, May

characteristics of the light-absorber. The origin of bistable  1996.
operation in the laser's-l, characteristic was attributed to [14] E. Goutain, J. C. Renaud, M. Krakowski, D. Rondi, R. Blondeau, and

the nonlinear saturation of the QD absorption, presumably

D. Decoster, “30 GHz bandwidth, 1.55m MQW-DFB laser diode
based on a new modulated schentggctron. Lett, vol. 32, no. 10, pp.

caused by state filling. The bistability of the light-absorber’s 896-897, 1996.
reverse-biased characteristics is due to both nonlinear absor@5! S.D.McDougall and C. N. Ironside, “Measurements of reverse and for-

tion saturation and the electroaborption induced by the QCSE

ward bias absorption and gain spectra in semiconductor laser material,”
Electron. Lett. vol. 31, no. 25, pp. 2179-2181, 1995.

under the applied electrical field. The QD absorption spectrgis] G. w. wen, J. Y. Lin, H. X. Jiang, and Z. Zhen, “Quantum-confined
have been measured and the QCSE has been observed. The Stark effects in semiconductor quantum doBfys. Rev. Bvol. 52, no.

redshift and broadening of the absorption spectra have be

8, pp. 5913-5922, 1995.
{‘7] P. W. Fry, I. E. ltskevich, D. J. Mowbray, M. S. Skolnick, J. J. Finley, J.
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of the absorption spectra follows a quadratic dependence at

Clark, “Inverted electron-hole alignment in InAs-GaAs Self-assembled
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