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The electro-optic properties of self-organized J8a, ;As/GaAs quantum dots have been studied
experimentally. Single-mode ridge waveguide structures were grown by molecular beam epitaxy
with self-organized Ip,Ga As/GaAs quantum dots in the guiding region. The measured linear and
quadratic electro-optic coefficients are 2680 ' m/V and 6.25 10 " m?/V?, respectively,

which are much higher than those obtained for bulk GaAs or quantum well structures. The measured
transmission characteristics indicate that low-voltage amplitude modulators can be realized with
guantum dot active regions. @998 American Institute of Physids$S0003-695(98)01511-3

Nonlinear optical materials are attractive for their use inproperties-’ - Room-temperature lasers with self-organized
optical devices such as switches and electro-optic anduantum dots in the active region have been reported
electro-absorption modulators. Bulk IV compounds suchrecently??~24In this letter, we report the measurement of the
as GaAs and GaAlAs exhibit a linear electro-ofifRockel$  electro-optic coefficients of the {nGa gAs/GaAs self-
effect since they are noncentrosymmetric and lack inversioorganized quantum dots from the observed phase retardation
symmetry. However, the effect is weak compared to that inn single transverse mode waveguides induced by a trans-
crystals such as lithium niobate. From the point of photonicverse electric field. To the best of our knowledge, this is the
integrated circuits, it would be very useful to realize nonlin-first report on the electro-optic properties of self-organized
ear electro-optic devices, which could be integrated withquantum dots.
other active and quasiactive devices such as lasers, detectors, A quantum dot heterostructure was grown by molecular
and interferometers. A great deal of work has therefore beebeam epitaxy(MBE), as shown in Fig. 1. The active layer
done to investigate the optical properties of quantum wellgonsists of a single layer of self-organized I6a, (As quan-
and superlattice.Quantum wells demonstrate enhancedium dots with a GaAs layer grown over it. The growth con-
electro-optic effects due to two features: a built-in birefrin- ditions are described elsewhérelhe grown heterostructure,
gence due to the layered structure and a quadratic electrgn fact, forms an edge emitting laser which is suitable for
optic (Kerr) effect arising from the quantum confined Stark electro-optic measurement. The 30 A,AGa, sAs layer is

effect (QCSB near the excitonic absorption edgéow-  ysed to tunnel electrons into the quantum dot and to reduce
dimensional quantum confined structures such as quantum

wires and dots are expected to exhibit enhanced optical non-

linearities and enhanced electro-optic effects. ContactLayer  p* GaAs 0.1um
Various techniques for realizing quantum wires and dots

have been reported in the last decade. Quantum structures

Graded Layer p AlyGaAs  0.2um

can be formed by epitaxial growth of quantum wells fol- Outer Cladding  p” Al 4GageAs 1um
lowed by fine-line lithography, etching, and regrowth— Graded Layer  p Aly,GaAs 0.14um
conceptually the most straightforward process—but the re-

sults are not very encouraging. In particular, in quantum dots Inner Cladding i Alp15GaggsAs 0.1um
the surface-to-volume ratio can be very large and the result- Ing.4Gag gAs QD's

ing nonradiative recombination through surface and interface
states can severely degrade the optical propeftiEsOther

techniques of fabrication have also not been very successful Inner Cladding i GaAs 0.1um
due to dot size nonpniformity or poor interface quality*® Graded Layer Al Ga,As 0.14um
Nonetheless, we did report the measured enhancement of
electro-optic effect in small (25-35 nm diameter Outer Cladding  n” Al 4GaggAs 1pm
In,Ga, _,As/GaAs (x=0.1 andx=0.15 etched dots. The

observed photoluminescence from the dots was very weak

Tunneling Barrier i AlgsGagsAs  30A

Graded Layer n Alj,GaAs 0.2um

and the phase-retardation measurements proved to be diffi- ContactLayer  n* GaAs 0.5um
cult. Self-organized growth of strained heterostructures has
emerged as a very successful technique for realizing small S.1. (100) GaAs Substrate

and defect-free quantum dots with good optical

FIG. 1. Schematic of the quantum dot heterostructure grown by molecular
¥Electronic mail: pkb@eecs.umich.edu beam epitaxy.
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FIG. 2. Measured photoluminescence spectrum at 18 K. FIG. 3. Phase retardation and refractive index change as a function of re-

verse bias. The curve is a fit to the measured data.

hot-carrier effect when the structure is operated as a faser.
For all practical purposes it does not play a role in thel'q are the linear and quadratic confinement factors, taking
electro-optic properties being discussed here. Cross-section&to account the fill factor of the quantum dot array. The
transmission electron micrograpf§TEMs) show the dots ~confinement factors themselves are separated into those for
to be pyramidal in shape with heights equal to 7 nm and basée quantum dot, the GaAs layers, and the #ABa gsAs
widths equal to 14 nm. A dot density of»5101° cm2 is  guiding layers which are, respectively, 12250 2, 0.415,
measured by atomic force microscodFM). Single-mode and 0.456. The fill factor of the dots is estimated to be 0.242
ridge waveguides @mx840 um with bothp andn contacts  Using the technique described in Ref. 27. The valuesanfd
on the top surface were fabricated by standard photolithogs obtained for the quantum dots are 22680 ** m/V and
raphy, wet and dry etching, and contact metallization tech8.23x 10”7 m?/V?  respectively. Note that the linear
niques. The diodes have leakage currents00 nA and re-  €lectro-optic coefficient is larger than that of GalRef. 28
verse breakdown voltage of 12 V. Low temperatuie ( Or of GaAs- and InP-based multiquantum wéfis® Simi-
=18 K) photoluminescencéL) measurements were made larly, the quadratic electro-optic coefficient is also very large
using a HeNe X =632.8 nm) laser, a monochrometer, a pho-compared to the quantum wells, in spite of a small fill factor.
tomultiplier, and lock-in amplification. The PL spectrum is A multiple dot layer active region, commonly used in lasers,
shown in Fig. 2, where two distinct peaks are observed afay yield even larger electro-optic coefficients.
1.515 eV (818 nm and 1.315 eV(943 nm. The former The change in the phase retardation and refractive index
originates from bound exciton recombination in the GaAswith applied electric field strongly depends on the operating
layers surrounding the dot and the latter is from recombinawavelengtit® In our experiments, the separation between the
tion in the In, ,Ga, ¢As quantum dots. The peak energy cor- €xcitation energy and the photoluminescence peak is 0.141
responds to transitions involving the electron and holegV at room temperature. The quadratic electro-optic effect
ground states. It may be noted that the integrated luminesand refractive index change will be enhanced as the wave-
cence intensity of the quantum dot transition is higher tharlength of the guided light approaches the quantum dot inter-
that of the GaAs-related transition, in spite of the small dothand transition peak, but at the cost of large absorption loss.
volume. The absorption spectrum of a perfect quantum dot is ex-
Measurement of the electro-optic coefficients was car-
ried out by coupling 1.1%m light from a He—Ne laser onto =
one end of a 84Qum long waveguide with a focusing lens. ‘ N [=300 K
The polarization of the light is oriented, through use of an 09 W
input polarizer, at 45° to the direction of the diode electric
field with an applied reverse bias. The phase retardation of
the transmitted light was measured with an analyzer and a Ge
detector at the output end. The measured phase retardation
and refractive index change as a function of reverse bias, as
shown in Fig. 3, are seen to vary with field in a nonlinear
manner. The linear and quadratic electro-optic coefficients
are obtained by fitting the measured phase retardation with
the relatioR®
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wheren, is the average refractive index in the active region, Reverse Bias (V)
Eis the_ average e|§CtI’IC f'_el_d- ands are t_he linear and [, 4. Normalized transmitted light as a function of reverse bias. The
guadratic electro-optic coefficients, respectively, &hdand  dashed line is shown as a join of the measured data.



Appl. Phys. Lett., Vol. 72, No. 11, 16 March 1998 Qasaimeh et al. 1277

pected to be a set of sharp transitions, corresponding to théJ. Singh, Y. Arakawa, and P. Bhattacharya, IEEE Photonics Technol. Lett.
discrete bound states. Although experimentally such is not 4, 835(1992.
the case, a large change in the refractive index with a smalf Y- Nagamune, M. Nishioka, S. Tsukamoto, and Y. Arakawa, Appl. Phys.
absorption loss is expected. The bias-dependent transmissi eft. 64, 2495(1994. )
. . . . Y. Hasegawa, T. Egawa, T. Jimbo, and M. Umeno, Appl. Phys. B&ft.

of the quantum dot phase modulator is depicted in Fig. 4. A 5,4 (1996,
large change in transmission, almost by a factor of 2, is obsa_ konkar, K. Rajkumar, Q. Xie, P. Chen, A. Madhukar, H. Lin, and D.
tained for a small applied bias of 3 V. The change in the Rich, J. Cryst. Growtt150, 311 (1995.
absorption coefficient of the phase modulator due to chang€eso. Brandt, L. Tapfer, K. Ploog, R. Bierwolf, M. Hohenstein, F. Phillipp,
in the applied electric field is obtained by fitting the power H-Lage, and A. Heberle, Phys. Rev.43, 8043(199).
transmission WithT:e—TAaL COSz(A(D/Z) The estimated 18w, Saunders, P. Sercel, H. Atwater, and K. Vahala, Appl. Phys. 6@tt.

. _ 950 (1992.
value of 'Aa IS less than 7 ¢’ . L. Goldstein, F. Glas, J. Marzin, M. Charasse, and G. Roux, Appl. Phys.
In conclusion, we have measured the linear and qua- | e 47, 1099(1985.
dratic electro-optic coefficients and phase and amplitudesp. erger, K. Chang, P. Bhattacharya, J. Singh, and K. K. Bajaj, Appl.
modulation characteristics of JuGa, gAs single-layer self- Phys. Lett.53, 684 (1988.
organized quantum dots. Both electro-optic coefficients arézG- Whaley and P. Cohen, Appl. Phys. Lei, 144 (1990.
significantly larger than those measured in quantum wells, S: Guha, A. Madhukar, and K. C. Rajkumar, Appl. Phys. L&#.2110
with very small absorption loss. The results indicate thatzflggo'

. D. Leonard, M. Krishnamurthy, C. Reaves, S. Denbaars, and P. Petroff,
low-voltage modulators can be made with quantum dots.  app| phys. Lett63 3202(1993.

. 22D, Bimberg, N. N. Ledentsov, M. Grundmann, N. Kirstaedter, O. G.
This work was supported by the U.S. Army Research Schmidt, M. H. Mao, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, P. S.

Office under Grant No. DAAL-03-92-G0109 and by the Na- kopev, zh. 1. Alferov, S. S. Ruvimov, U. Gosele, and J. Heydenreich, Jpn.
tional Science Foundation under Grant No. ECS 96-28973. J. Appl. Phys., Part B5, 1311(1996.

BK. Kamath, P. Bhattacharya, T. Sosnowski, T. Norris, and J. Phillips,
1see, for example, the articles in Properties of 11—V Quantum Wells and, E'ectron. Lett.32, 1374(1996.

Superlattices, edited by P. Bhattachaf{E, UK, 1996. 24R. Mirin, A. Gossard, and J. Bowers, Electron. L&®, 1732(1996.

2p, A. B. Miller, D. S. Chemla, T. C. Damer, A. C. Gossard, W. Wieg- >°P. Bhattacharya, J. Singh, H. Yoon, X. Zhang, A. Gutierrez-Aitken, and
mann, T. H. Wood, and C. A. Burrus, Phys. Rev. L&8, 2173(1984. Y. Lam, IEEE J. Quantum ElectroB82, 1620(1996.

3L. Davis, K. K. Ko, W.-Q. Li, H. C. Sun, Y. Lam, T. Brock, S. W. Pang, 26M. J. Bloemer and K. Myneni, J. Appl. Phy24, 4849(1993.

and P. K. Bhattacharya, Appl. Phys. Le2, 2766(1993. 27K. Kamath, J. Phillips, H. Jiang, J. Singh, and P. Bhattacharya, Appl.
4S. Schmitt-Rink, D. A. B. Miller, and D. S. Chemla, Phys. Rev3g Phys. Lett.70, 2952(1997.
58113(1987)- 83, S. Lee, R. V. Ramaswamy, and V. S. Sundaram, IEEE J. Quantum
T. Takagahara, Phys. Rev. 35, 9293(1987. Electron.27, 726 (1991).

5G. W. Bryant, Phys. Rev. B7, 8763(1989.

7K. G. Ravikumar, T. Aizawa, K. Matsubara, M. Asada, and Y. Suematsu
J. Lightwave Technol9, 1376(199J.

8Y. Miyamoto, Y. Miyake, M. Asada, and Y. Suematsu, IEEE J. Quantum

29M. Glick, F. Reinhart, G. Weimann, and W. Schlapp, Appl. Phys. 148t.
' 989 (1986.
30H. Nagai, M. Yamanishi, Y. Kan, and |. Suemune, Electron. 1291.888

Electron.25, 2001(1989. 31(1986. _
9K. Shimomura, S. Arai, and Y. Suematsu, IEEE J. Quantum Elec2@n. J. E. Zucker, T. L. Hendrickson, and C. A. Burrus, Appl. Phys. L2
471(1992. 945 (1988.

10p wang, C. Sotomayor Torres, H. Benisty, C. Weisbuch, and S. Beau®2J. Pamulapati, J. P. Loehr, J. Singh, P. K. Bhattacharya, and M. J. Ludo-
mont, Appl. Phys. Lett61, 946 (1992. wise, J. Appl. Phys69, 4071(1991J).



